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Abstract Variations in continental water storage lead to
loading deformation of the crust with typical peak-to-peak
variations at very long baseline interferometry (VLBI) sites
of 3—15 mm in the vertical component and 1-2 mm in the hor-
izontal component. The hydrology signal at VLBI sites has
annual and semi-annual components and clear interannual
variations. We have calculated the hydrology loading series
using mass loading distributions derived from the global
land data assimilation system (GLDAS) hydrology model
and alternatively from a global grid of equal-area gravity
recovery and climate experiment (GRACE) mascons. In the
analysis of the two weekly VLBI 24-h R1 and R4 network
sessions from 2003 to 2010 the baseline length repeatabili-
ties are reduced in 79 % (80 %) of baselines when GLDAS
(GRACE) loading corrections are applied. Site vertical coor-
dinate repeatabilities are reduced in about 80 % of the sites
when either GLDAS or GRACE loading is used. In the hori-
zontal components, reduction occurs in 70-80 % of the sites.
Estimates of the annual site vertical amplitudes were reduced
for 16 out of 18 sites if either loading series was applied. We
estimated loading admittance factors for each site and found
that the average admittances were 1.01 £ 0.05 for GRACE
and 1.39 £ 0.07 for GLDAS. The standard deviations of the
GRACE admittances and GLDAS admittances were 0.31 and
0.68, respectively. For sites that have been observed in a set
of sufficiently temporally dense daily sessions, the average
correlation between VLBI vertical monthly averaged series
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and GLDAS or GRACE loading series was 0.47 and 0.43,
respectively.
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1 Introduction

Very long baseline interferometry (VLBI) and global posi-
tioning system (GPS) measurements are precise enough to
detect surface mass loading effects. Various geophysical
problems, such as the determination of global sea-level rise
or postglacial rebound, require uncertainties in station posi-
tion determination at the 1 mm level. To be able to address
these and other geophysical problems, we need to account for
mass loading effects in geodetic analysis. Many investiga-
tors have demonstrated the presence of atmospheric pressure
loading in geodetic measurements (see for instance, Dam and
Herring 1994; van Dam et al. 1994; MacMillan and Gipson
1994; Petrov and Boy 2004). In this paper, we investigate
the response of the surface of the Earth caused by variations
in continental water storage. The variations in water stor-
age are typically seasonal, but interannual variations are also
evident in the site hydrology loading time series. These vari-
ations cause vertical displacements (see Sect. 3) of up to 2
cm depending on the Earth’s location and are large enough
to be seen by space geodetic techniques.

Dam et al. (2001) investigated GPS site displacements
caused by continental water loading. They convolved a load-
ing Green’s function (Farrell 1972) with the mass loading
field given by the Milly and Shmakin (2002) model and found
that vertical displacements could be as large as 15 mm at
some GPS sites. Subtracting these loading series from the
observed GPS site position time series reduced the variance
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of the series. Over all sites, the average loading admittance
squared (here, the response given by the site position series
variance reduction divided by the variance of the loading
signal) was close to unity, but there was a large admittance
variation over the set of sites analyzed. Annual amplitudes of
GPS site position series were reduced when the model series
were applied. Schuh et al. (2003) investigated the effect of
applying the sum of pressure loading, hydrology loading, and
nontidal ocean loading in VLBI analysis; however, they did
not consider the effect of the loading components separately.
MacMillan and Boy (2004) used the Milly—Shmakin model
to compute loading and found a reduction in baseline length
scatter and site vertical annual amplitudes when the hydrol-
ogy loading contribution was applied in VLBI analysis.

There have been a number of studies looking at the corre-
lation between GPS position time series and gravity recov-
ery and climate experiment (GRACE) measured continental
hydrology signals. GRACE monitors the integrated effect of
mass redistribution by measuring the temporal and spatial
variations of Earth’s gravity field. Davis et al. (2004) deter-
mined the annual vertical deformation from the annual vari-
ation of the GRACE Stokes coefficients. They found good
agreement in the region of the Amazon River basin, where
the signal is very large, between annual vertical amplitudes
for a set of GPS sites and the vertical deformation inferred
from GRACE. vanDam et al. (2007) compared the vertical
variation determined from European site GPS receivers with
the variation inferred from GRACE and found that the annual
signal in GPS heights was much less spatially coherent than
heights inferred from GRACE. They concluded that disagree-
ments between GPS and GRACE annual signals were caused
by site or network-specific GPS technique errors, including
possible troposphere mismodeling, bedrock thermal expan-
sion, monument thermal expansion, phase modeling, and
orbit errors. Tregoning et al. (2009) compared the variation
from GPS topocentric site positions with the variation deter-
mined from GRACE and found good correlation in the ver-
tical, especially for European sites, which they attributed to
their improved GPS series compared with those used by van-
Dam et al. (2007). They applied pressure loading modeling
for both GRACE and GPS to isolate the effect of the hydrol-
ogy loading signal from GRACE. Tesmer et al. (2011) used
completely reprocessed GPS data with state-of-the-art mod-
els and found good agreement between height coordinate
time series and displacements derived from GRACE gravity
coefficients. However, they did not remove the atmospheric
pressure loading signal from either the GRACE or GPS
displacements. They found that in 80 % of sites where
the GRACE signal is larger than its precision, the vertical
repeatability is reduced when monthly GRACE loading dis-
placements are removed from the GPS vertical series.

In this paper we investigate the response of the surface of
the Earth, measured by VLBI, caused by variations in conti-
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nental water storage. In Sect. 2, we discuss the two hydrology
data sets that we used to compute loading displacements. The
firstis the set of National Aeronautics and Space Administra-
tion (NASA) Goddard Space Flight Center (GSFC) GRACE
mascons, described by Rowlands et al. (2005). The second
dataset is the Noah hydrology model from the global land
data assimilation system (GLDAS) (Rodell 2004). We com-
puted vertical and horizontal hydrology loading series by
convolving loading Green’s functions with the surface mass
fields from these datasets. We describe the method for gen-
erating the site loading series and the characteristics of the
derived series in Sect. 3. In Sect. 4, we discuss the results and
improvements in VLBI analysis when the hydrology loading
series are applied.

2 Hydrology datasets used
2.1 GRACE mascon solution

We computed the GRACE deformation series from the
NASA GSFC mascons (Rowlands et al. 2005), which were
computed using high-precision gravity field data measured
by the GRACE satellite. Data are available for our investi-
gation from 2003, near the beginning of the GRACE mis-
sion until 2010. GRACE mascon data are provided for 2°
x 2° equal area grid blocks with 10-day time resolution. It
is assumed that the gravity change from each block is due
to a thin uniform layer of mass, called a mascon, over the
block. One estimates the surplus or deficit of mass of the
mascon from inter-satellite K-band range-rate observations
measured directly over the block of interest. The GRACE
GSFC mascons were generated employing forward model-
ing for atmospheric pressure variation, non-barotropic ocean
response and ocean tides. The mascon method should mini-
mize the propagation of errors arising from mismodeling of
other regions that are problematic for the alternative global
spherical harmonic expansion approach (see Sabaka et al.
2010).

2.2 GLDAS hydrology model

The GLDAS Noah model, developed by Rodell (2004),
uses data assimilation techniques and consists of land sur-
face models that are constrained by observed meteorologi-
cal fields. GLDAS Noah model output fields relevant to our
investigation are soil moisture, snow water equivalent, and
plant canopy surface water storage. The model is available
at various resolutions, starting from a 0.25° x 0.25° global
angular grid with a monthly or 3-h time resolution. We did not
find a significant difference between using the Noah model
with a 3-h time resolution over using the monthly averaged
model due to the fact that the series are very smooth. We
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Fig. 1 Standard deviation of
the hydrological mass (in cm of
water) over the period
2003-2010 for a the GLDAS
model and b the difference
(GLDAS-GRACE mascons)
between the standard deviations
computed for each dataset for
areas without permanent ice

cm of water

cm of water

therefore used the Noah model with monthly time resolution
and a 1° x 1° spatial resolution since only this spatial reso-
lution was available from 1980, the earliest date of the VLBI
data that we analyze in standard solutions.

Since the GLDAS model does not account for ice sheet
processes, we followed the recommendation of Rodell (2004)
and masked out areas with permanent frost in our loading
calculations. Most of the pixels that have permanent frost
are located at high northern or southern latitudes, but there
are also such pixels in regions with high mountains such as
the Himalayas. We calculated the loading using a land—sea
mask that removed ocean, sea, and lake pixels. Pixels with
permanent frost were also removed for both GRACE and
GLDAS to avoid any ice-loading contribution and allow a
fair comparison.

2.3 Comparison of GLDAS and GRACE mass fields

The upper plot in Fig. 1 shows the standard deviation of
hydrological mass expressed in centimeters of water. The
GRACE mascons generally show the largest variation in the
same areas. The lower plot shows for each pixel the differ-
ence between standard deviations of the variations of each

dataset. The hydrologic variation is the largest within a 40°
latitude band about the equator in South America, South
Asia, and Africa. Although areas in Europe and North Amer-
ica show smaller mass variation, the resulting hydrology
loading signal is still significant. The differences between
GRACE and GLDAS can reach 20-30 % in South America
and Africa. Differences in North America and Europe are
at the 10 % level. Groundwater and surface water are not
included in the GLDAS model, but groundwater and surface
water mass must be detected by GRACE since it is sensitive
to the total mass change. This may explain some of the dif-
ferences between the GRACE and GLDAS signals seen in
Fig. 1. In one of many studies, Syed et al. (2008) have com-
pared GLDAS and GRACE water storage change estimates
and note the overall agreement in spatial and temporal vari-
ability. They attribute differences to the lack of surface water
and groundwater modeling in GLDAS and to possible snow
modeling deficiencies of the GLDAS model.

3 Site displacement series

In this section, we first summarize our calculation of loading
using the usual Green’s function approach and then discuss
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error sources involved in the calculations. We then look at the
characteristics of loading series at specific sites as well as the
global variation of hydrology loading derived from GLDAS
and GRACE data.

3.1 The Green’s function approach

The surface deformation of the Earth at a given VLBI site is
the integrated effect of the deformation due to each source of
mass change on the surface of the Earth. We calculated the
site loading displacement by convolving an elastic loading
Green’s function with the surface mass loading distribution
(see Farrell 1972 for a discussion of the loading problem
and the calculation of the Green’s function). We performed
the convolution over the mass distributions from the GLDAS
Noah model and from the GRACE mascon data gridblocks.
Petrov and Boy (2004) provide convolution expressions for
the vertical and horizontal loading at a site. We have used the
same Green’s functions that were used by Petrov and Boy
(2004) for atmospheric pressure loading. We used a point-
mass representation to compute the convolution where we
refined the grid more finely (to as small as 0.001° x 0.001°)
the closer a mass load cell is to the station location in order
to account for the singularity of the Green’s function at zero
separation.

Depending on what geodetic technique is being used,
loading displacements need to be in the appropriate refer-
ence frame. VLBI is a differential technique with a baseline
observable and is therefore insensitive to the geocenter. We
applied loading displacement series generated with a Green’s
function such that the displacements are with respect to the
center of the mass of the solid Earth plus the mass that causes
the loading. Since VLBI is a differential technique and the
displacements are applied at the observation level, we could
alternatively have applied displacements with respect to the
center of mass of the solid Earth and obtained the same
results.

3.2 Loading series uncertainties

Since the GRACE mascons that are given at 10-day resolu-
tion are quite noisy, we smoothed our original GRACE 10-
day loading series using a 10-day Gaussian filter. The noise
in the 10-day mascons is due to sampling errors, the power in
the spatial and temporal constraints, errors of the observation
data, and errors in forward models (see Luthcke et al. 2013).
For an estimate of the loading displacement uncertainty, we
computed the root-mean-squared (RMS) difference between
the original 10-day series and the smoothed hydrology load-
ing series (recommended by D. Rowlands, personal commu-
nication, 2012). Based on these RMS differences, the error
for points in the smoothed vertical loading series for most
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sites range from 0.8 to 1.2 mm. For comparison, we note that
(Tesmer et al. 2011) estimated an error of 1.2 mm for their
monthly GRACE loading series (computed from GRACE-
derived Stokes coefficients) by using the difference between
gravity solutions from two different analysis centers.

Kato et al. (2007) compared the output parameters of
three models in the GLDAS family of land surface mod-
els to observed values at four sites. The standard deviation
of soil moisture output from the three models was on aver-
age 25 % of the mean. This standard deviation was typically
as large as or larger than the difference between a model
and observed values of soil moisture, so that the standard
deviation is a conservative estimate of the model error (M.
Rodell, personal communication, 2013). Global averages of
the terrestrial water storage change are divided nearly equally
between soil moisture and snow water equivalent; soil mois-
ture changes are clearly greater at low latitudes and snow
water equivalent changes are greater at high latitudes (Syed
et al. 2008). Since soil moisture is a large component of
the loading, we take this as a crude measure of the error in
GLDAS loading series. Based on the RMS GLDAS vertical
variation for our sites in Table 1 and a model error of 25 %,
the error in the GLDAS loading series ranges from 0.5 to 0.9
mm. As an alternative estimate of GLDAS error, we com-
puted the loading series from an alternative GLDAS model,
the variable infiltration capacity (Vic) model developed by
Liang and Lettenmaier (1994). Assuming that the Noah and
Vic models have the same RMS error relative to the truth and
that their errors are uncorrelated, we estimated the error of
each model from the differences between the models. The
resulting vertical errors range from 0.6 to 1.2 mm depending
on the site.

The main source of error that can affect the calculation
of the hydrology loading series are the errors in the GRACE
mascon fields or the GLDAS Noah hydrology model surface
mass fields. We estimate that the sum of land—sea mask errors,
errors in the Green’s function, and errors in the convolution
calculation contribute no more than 4 % to the errors of the
loading series, which is negligible compared with uncertain-
ties in the mass fields. Based on the above estimates of the
the uncertainties in the GLDAS and GRACE mass fields, the
overall uncertainties in the vertical hydrology loading series
are in the range of 0.6—1.2 mm depending on the site.

3.3 Characteristics of hydrology loading displacements

The three-dimensional loading displacements are largest in
the vertical direction. Peak-to-peak loading displacements at
VLBI sites, which have a characteristic annual period, are 3—
15 mm in the vertical and 1-3 mm in the horizontal. Figure 2
shows two representative midlatitude site loading series from
the GRACE period, 2003-2010. The loading series shown
are smoothed 10-day series for two inland sites: Wettzell,
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Fig. 2 Loading displacements
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are inland sites, the loading series will have little sensitivity
to errors in the land—sea mask. It can be seen in Fig. 2 that the
hydrology loading series for both sites are clearly seasonal.
The peak-to-peak variation of the loading series is about 8
mm for Hartrao and 10 mm for Wettzell and is therefore large
enough to be seen in the VLBI analysis. The vertical loading
series for Hartrao has interannual variations and an annual
signal that is not as strong as it is for Wettzell. The amplitude
is smaller before 2006 and the loading signal is missing a
peak in 2007.

These loading series can be compared to Figure 1 and 2
in Petrov and Boy (2004), which show the displacements for
these stations caused by atmospheric pressure loading. For
these sites on an interannual time scale, the displacements
caused by hydrology loading have about the same peak-to-
peak variation as the displacements caused by atmospheric
pressure loading. At the low-latitude Hartebeesthoek site,
the annual vertical amplitudes of hydrology and atmosphere
pressure loading are similar. At a midlatitude inland site like
Wettzell, there is little annual signal in the pressure loading
series, but the hydrology series has a clear annual variation.
The subdaily variation is much larger for atmospheric pres-
sure loading than it is for hydrology loading at all sites.

To get a better picture of where the loading signal is signif-
icant over the surface of the Earth, we computed the vertical
GLDAS and GRACE loading series for each cell on a 1°
x 1° global grid. We computed the annual amplitude and
phase of the signal for each cell. The phase of the signal
is the epoch during the year where the annual loading sig-
nal reaches a maximum. To estimate the amplitude and the
phase, we fit hydrology loading series at each gridpoint with
the function
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where 7 is the decimal year, c is the annual amplitude, d is
the phase in days and T = 365.25 days. By expanding the
cosine term into cosine and sine terms, we can use linear
least squares to estimate a, b, ¢ > 0, and d. The variations
over the Earth’s surface of the estimated GLDAS amplitudes
and phases and GLDAS-GRACE amplitudes and phases are
shown in Fig. 3.

The distribution of the loading amplitude over the sur-
face of the Earth is similar to the distribution of the standard
deviation of the loading mass shown in Fig. 1. The loading
series peaks at t+ = d/T when the cosine term reaches a
maximum. At this epoch, the vertical loading displacement
series is maximum, but the mass contributing to the load-
ing reaches a minimum. Conversely, an increase in the mass
loading produces a greater downward displacement of the
loading series. From the plots of the loading series, it can be
seen that the loading series peaks from July to August (days
250-300) for North America, Europe, South America, South-
ern Africa and Oceania and in January and February (days
50-100) for Northern Africa and Southern Asia. The phase
values for the GLDAS Noah loading agree with the phases
for the GRACE loading within 30 days for most continental
regions.

Asexpected, the hydrology loading amplitudes are large in
South America (Brazil), Southern Asia, and Southern Africa
where the loading mass variability in Fig. 1 is large. In Fig. 3,
the vertical loading signal from GRACE in Brazil is 3040 %
greater than from the GLDAS model. In general, the variation
of the GLDAS and GRACE annual amplitudes agree well
over the surface of the Earth, although there are differences
in amplitude in some regions.
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Fig. 3 GLDAS annual vertical amplitude and phase (top) and differences (GLDAS—-GRACE) between GLDAS and GRACE annual vertical

amplitudes and phases (bottom)

4 Detection of hydrology loading and the resulting
improvement in VLBI analysis

We investigated whether hydrology loading can be detected
in VLBI analysis and in the process evaluated the GLDAS
and GRACE hydrology loading series. We considered four
different tests to assess the presence of the hydrology signal
in the VLBI time series, which we discuss in the next sub-
sections: variance reduction of VLBI position and baseline
length time series, site position annual amplitude reduction,
estimation of the hydrology signal admittance in the VLBI
data, and correlation between the hydrology loading series
and the VLBI site position time series.

In the solutions discussed here, the hydrology loading
series were applied at the observation level. The loading
series are dominated by seasonal variations and have very
little variation on subdaily time scale. As a test, we have
applied 24-h observing session average hydrology loading
corrections for each site in our VLBI analysis. The results
were nearly identical to the analysis using the observation
level model, where the loading models were evaluated at the
epochs of each observation. Vertical site repeatabilities agree
to better than 0.05 mm and horizontal repeatabities to better
than 0.1 mm except for two sites with differences of 0.2 mm.
The fact that observation level and daily average modeling

yield nearly identical results implies that investigators inter-
ested in combining different solutions (for example, from
different techniques) may apply the hydrology loading a pos-
teriori. However, if this is done, no net translation and rotation
constraints must be applied after including the loading con-
tribution. Boehm et al. (2009) discusses the consequences of
not performing this step.

We used the Calc/Solve system to perform the VLBI
analysis reported in this paper. Ma et al. (1990) describes
most of the theoretical models employed and the least squares
estimation program Solve. In this analysis we applied sev-
eral additional correction models, including antenna thermal
deformation (Nothnagel 2009), VMF]1 tropospheric mapping
functions (Boehm et al. 2006), and atmospheric pressure
loading (Petrov and Boy 2004). These are contributions that
we have added to our standard operational geodetic solutions
over the last 2-8 years.

The VLBI solutions reported in this paper yield estimated
parameters that are global or session parameters depending
on the solution type:

1. Global parameters (based on the entire observing period of
VLBI sessions included in the solution): site positions and
velocities, source positions of all radio sources. Additional
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possible global parameters are site admittance factors and
harmonic site position amplitudes.

2. Session parameters (based on observations within each
VLBI 24-h session): site positions when site position time
series estimation is needed; pole coordinates and their
rates (Xp and Xp rate, Yp and Yp rate); UT1 and UT1
rate, nutation; source positions of infrequently observed
radio sources, wet zenith delay parameters (piecewise lin-
ear with 20-min intervals), and gradient troposphere para-
meters (piecewise linear with 6 h intervals) and clock para-
meters (with 60-min intervals).

4.1 WRMS reduction of baseline length and site position
time series

We analyzed VLBI group delay data from the series of
weekly operational International VLBI Service (IVS for
Geodesy and Astrometry) R1 (Monday) and R4 (Thurs-
day) 24-h sessions over the period 2003-2010, during which
GRACE was observed. For each 24-h weekly session, there
are generally 7—-10 stations in the networks of R1 or R4 sta-
tions, which are chosen depending on the availability for
each week. Over several years of weekly observation, a set
of 18 stations were observed in the R1 and R4 series of ses-
sions. A set of 4-5 core stations observed in all sessions in
each of these networks remained relatively stable over time.
Instead of estimating the positions and velocities as global
parameters, we estimated the site positions for each session
as session parameters constraining the estimation with a no-
net translation constraint applied to the network of observing
stations in the session. In the initial solution A1, no hydrology
loading correction was applied.

We compared solution Al with solution A2, where the
GLDAS Noah hydrology loading correction was applied, and
with solution A3, where the GRACE loading correction was
applied.

We first looked at the improvement in the baseline length
estimates when hydrology loading corrections were applied.
The strength of the VLBI baseline length measurements is
that the baseline length is independent of orientation, whereas
the local station coordinates up—east—north (UEN) depend
on orientation. The weighted root-mean-square (WRMS)
repeatabilities were computed for all the baseline length
series in solutions A1-A3. The WRMS repeatability of a
baseline length series (or site position time series) is the
WRMS of the residuals about a best-fit line through the val-
ues of the series. Figure 4a shows the baseline length WRMS
reduction (in quadrature) as function of the baseline length
for solutions A2 and A3 compared to solution Al. As a mea-
sure of improvement, the WRMS reduction is the square root
of the difference between the squared WRMS of solution
series Al and the squared WRMS of solution series of A2
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or A3. By applying GLDAS loading, 79 % of the baselines
showed improvement and 80 % improved after applying the
GRACE loading contribution. Improvement increases with
baseline length, both because the projection of a site vertical
displacement into the baseline direction increases with base-
line length and because loading is largest in the site vertical
direction, where the loading signal is usually two to three
times the horizontal signal.

We also found that residual site motion estimates were
reduced when hydrology loading was applied, resulting in
improvement in the WRMS repeatabilities of the UEN site
position series. The WRMS reduction for the R1/R4 sites
are shown in Fig. 4b—d. Table 2 provides the observed UEN
WRMS repeatabilities and the corresponding WRMS reduc-
tion appearing in these figures. The WRMS was reduced
in the vertical component for 83 % (GLDAS) and 78 %
(GRACE) of the R1 and R4 VLBI sites in solutions A2
and A3 relative to no-loading solution Al. We also found
improvement in the horizontal components. In the east
(north), we found WRMS reduction for 89 % (67 %) and 67 %
(67 %) of sites for GLDAS and GRACE, respectively. On
average, the WRMS (UEN) was reduced by (1.16, 0.64, 0.58
mm) with GLDAS and (0.94, 0.47, 0.55 mm) with GRACE.

It is possible that the hydrological WRMS reduction at a
site is not as large as expected, because there may be tem-
poral correlations between the applied hydrology and pres-
sure loading contributions or because of errors in the pressure
loading correction. To check this, we ran additional solutions
where pressure loading was not applied. The results of this
this test are also shown in Fig. 4 and for most sites the effect
is not very significant in the vertical. The largest effect was
for Seshan25 (China), where the WRMS reduction was larger
by 0.8 (1.2) mm for GLDAS (GRACE) loading if pressure
loading was also applied. There are significant differences of
>1 mm in the east component for Matera, Wettzell, Hartrao,
and Tsukuba.

We generally see WRMS vertical reduction for Euro-
pean VLBI sites (Matera, Medicina, Ny Alesund, Onsala,
Wettzell). Similarly, Tregoning et al. (2009) obtained WRMS
vertical reduction for 32 of 36 sites European GPS sites
when GRACE loading was applied. For the horizontal com-
ponents, the GPS WRMS reduction in the east is negative for
most sites, but some sites show positive WRMS reduction in
the north. The VLBI sites at Matera and Wettzell (two sites
with colocated GPS receivers) also show a positive WRMS
reduction in the north component when GRACE or GLDAS
loading is applied, but a negative reduction for the east com-
ponent. However, it is interesting that if pressure loading is
not applied, the WRMS reduction shown in Fig. 4 for both
horizontal components is positive for these two sites. For
non-European sites, the GPS WRMS reduction is much less
uniform than in Europe; Tregoning et al. (2009) found that
the WRMS of GPS vertical residuals increased for 47 % of
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Fig. 4 a WRMS reduction of the baseline length for GLDAS (black
diamonds) and GRACE (open squares), b WRMS reduction of the ver-
tical position estimates, ¢ WRMS reduction of the north position esti-
mates, and d WRMS reduction of the east position estimates. For the

the GPS sites worldwide. There are a few sites (for example,
Fortleza, Brazil) where the VLBI and GPS WRMS reduction
appears to be similar, or as in Hobart (Tasmania) where both
the VLBI and GPS suffer an increased vertical site variance.
Cases where variance is increased for GLDAS or GRACE
are mainly those on the coast or on small islands: Hobart
(Tasmania, Australia), Kokee (Kauai, Hawaii), Ny-Alesund
(Svalbard, Norway) and Tsukuba (Japan).

The vertical WRMS at Badary increases significantly with
hydrlology loading applied. The Badary pressure admittance
(see Table 4) given in Sect. 4.3 along with GLDAS (GRACE)
hydrology admittance was only 0.51 &£ 0.16 (0.40 £ 0.06),
which indicates that the pressure loading model may not be
correct. However, the WRMS reduction for Badary changes
by <0.2 mm in solutions that do not include pressure load-
ing. Thus, pressure loading is not likely to be responsible
for the anomalous Badary results. Unless the GRACE and
GLDAS models are deficient for Badary, it appears that some
other unknown unmodeled local motion, which is anticorre-
lated with hydrology loading, is responsible for this behavior.
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site position plots, the first pair of bars are for GLDAS and the second
pair for GRACE. Within each pair, the first bar is the WRMS reduction
with pressure loading applied, and in the second pressure loading is not
applied

The GRACE hydrology admittance (see Sect. 4.3) is close
to zero (0.05 £ 0.40), which means that if it is applied in a
solution, the WRMS vertical repeatability should increase.
The GLDAS admittance of (—3.57 &+ 1.34) implies that
the GLDAS model is anticorrelated with observed vertical
motion, which is consistent with the increase in the verti-
cal WRMS. The increase in WRMS vertical repeatability
(negative WRMS reduction), —3.21 mm (—1.21 mm), for
GRACE (GLDAS) is reasonably consistent with the ver-
tical RMS 2.19 mm (1.50 mm) of the GRACE (GLDAS)
model.

We also ran solutions similar to A1 and A2 in which we
extended the period of analysis to 1980-2010, since GLDAS
data are available over this longer period. Figure 5 shows
the resulting reduction of WRMS for the most frequently
observed VLBI sites when hydrology loading is applied.
The level of WRMS reduction is similar to the reduction
for the period 2003-2010. For the vertical (east and north),
the WRMS was reduced for 82 % (72 and 82 %) of the 37
sites.
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Table 2 Observed WRMS and WRMS reduction for GLDAS and GRACE

Station Up (mm) East (mm) North (mm)
wrms GLDAS GRACE wrms GLDAS GRACE wrms GLDAS GRACE

BADARY 18.22 —1.21 —-3.21 6.44 1.67 1.43 4.69 1.25 1.18
FORTLEZA 1591 1.59 2.11 4.98 0.77 0.99 5.06 0.95 0.95
GILCREEK 7.22 1.85 2.67 5.39 1.13 0.93 3.98 —1.46 —0.90
HARTRAO 10.40 2.18 1.93 4.45 0.52 —0.30 5.02 1.65 1.53
HOBART26 12.58 —1.12 —0.71 4.44 0.30 —0.30 5.55 —0.33 0.00
KOKEE 8.86 —0.60 0.73 4.67 0.43 0.61 4.88 1.07 0.82
MATERA 6.62 1.25 0.96 2.24 —0.60 —0.43 3.15 0.56 0.50
MEDICINA 10.40 0.64 0.91 4.54 1.19 1.23 5.03 —0.45 0.77
NYALES20 5.58 0.75 —0.67 3.20 0.36 —0.25 2.75 0.70 0.41
ONSALAG60 5.10 1.38 1.70 1.90 0.27 0.34 2.14 0.61 —0.51
SESHAN25 21.42 2.69 2.69 5.09 1.38 1.23 4.89 1.28 1.12
SVETLOE 12.28 1.56 1.11 5.32 0.46 0.56 4.68 —0.31 0.68
TIGOCONC 20.7 1.11 0.64 9.39 1.14 0.97 8.54 2.21 1.84
TSUKUB32 8.26 1.28 —0.81 5.13 0.96 0.55 4.53 1.59 1.33
WESTFORD 7.02 1.29 0.99 3.57 0.92 0.70 3.05 1.03 0.91
WETTZELL 5.81 1.72 1.47 3.02 —0.78 —0.55 3.17 0.56 0.00
ZELENCHK 12.02 1.95 2.29 4.90 0.31 —0.44 3.99 -0.49 —0.40

In general, the application of hydrology loading series
improves most of the station position and baseline length
estimates. These results are consistent with the hypothesis
that there is a hydrology loading signal in the VLBI data.

4.2 Annual amplitude reduction of the site position
variation

Given the size of the hydrology loading signal, which we dis-
cussed in Sect. 3, we expect a clear annual signal to be present
for VLBI sites. It should be clearly present in the observed
series unless there are any other unmodeled seasonal signals
that are anticorrelated with hydrology loading.

Applying hydrology loading corrections in VLBI analy-
sis should remove a portion of the observed seasonal signals.
To investigate this, we have estimated the annual and semi-
annual components of site position motion (along with the
position offsets and velocities for all sites) as global parame-
ters for frequently observing VLBI sites in three solutions:
B1, B2, and B3 (see description of solution types at the begin-
ning of Sect. 4). Solution B1 is a non-hydrology loading solu-
tion that includes contributions from antenna thermal defor-
mation, the VMF mapping function, and atmospheric pres-
sure loading. Solution B2 adds the contribution of GLDAS
hydrology loading, and solution B3 alternatively applies
GRACE hydrology loading. Applying the loading in the
VLBI analysis is equivalent to applying a correction to the a
priori model for the positions of the stations.

@ Springer

We compared the performance of GLDAS versus GRACE
to account for the annual variations of the position estimates
over the period 2003-2010. Figure 6 shows the site verti-
cal amplitudes from the three solutions. Overall, the vertical
amplitudes were reduced for 16 of 18 sites when either the
GLDAS or GRACE loading series were applied. For several
sites, the vertical amplitude is reduced to 1 mm or less. Hor-
izontal amplitudes in the north component are reduced for
11 of 18 sites, whereas 8 of 18 sites had smaller east annual
amplitudes, but most of the east amplitudes were not more
than 0.5 mm. We also ran solutions similar to B1 and B2 for
the period 1990-2010 and found a similar level of site ver-
tical annual amplitude reduction when the GLDAS loading
series was applied. The vertical amplitudes were reduced for
28 of 37 sites. Table 3 compares the WRMS of the estimated
annual and semi-annual vertical amplitudes of all sites for
solutions with and without hydrology loading applied. The
amplitude reductions resulting from applying GLDAS for the
period 2003-2010 are similar to the reduction for the longer
period 1990-2010.

4.3 Hydrology and pressure loading admittance factors

A technique for estimating how much signal is present in the
observables is to estimate the admittance of the signal. This
approach was used in Petrov and Boy (2004) to investigate
how much of the pressure loading signal is present in the
observations. We represent the true hydrology loading series
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Fig. 5 a WRMS reduction of (a)

the vertical position estimates; 100
b WRMS reduction of the

east—west position estimates; 80
¢ WRMS reduction of the
north—-south position estimates
for VLBI sessions from 1980 to 40
2010

Vertical mm

(b)

100

by the product A - amedel Where A is an admittance factor and
amodel 18 the computed site vertical hydrology loading series.
If a model is perfect, the admittance factor should be close
to one, which would mean that the modeled signal is close to
the true loading signal. The interpretation of admittance fac-
tors for hydrology loading is possibly problematic, since the
signal is largely seasonal so that the admittance may include

effects of other unmodeled correlated seasonal signals at a
site.

We find the admittance factors by estimating them as addi-
tional global parameters (see description of solution types at
the beginning of Sect. 4) for each site in Calc/Solve VLBI
analysis. GLDAS and GRACE admittances were estimated
for the period 2003-2010. To look for possible correlation
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Fig. 6 Estimated annual amplitude of the site UNE site position com-
ponents over the time period 2003-2010 from three solutions: (1) no
hydrology modeled in solution B1 (black bars), (2) GLDAS hydrology
modeled in solution B2 (open bars), and (3) GRACE loading in solution
B3 (grey bars). The error bars for each site are the same for all three
solutions, but are only shown for B1

between pressure loading and hydrology loading, we esti-
mated both hydrological and pressure loading admittances in
the solutions. We also performed the estimation for GLDAS
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Table3 WRMS variation of the vertical annual and semi-annual ampli-
tudes over all sites

Period Annual Annual Semi-annual Semi-annual
2003-2010 1990-2010 2003-2010 1990-2010
18 sites 37 sites 18 sites 37 sites

No loading 4.55 4.37 1.38 1.40

GLDAS loading 3.05 2.74 1.36 1.35

GRACE loading 3.44 - 1.33 -

loading over a longer time period (1990-2010) with a larger
set of stations. Table 4 shows the estimated admittance fac-
tors and correlations. Overall, the mean hydrology admit-
tance over the period 2003-2010 for GRACE (1.01 % 0.05)
is closer to unity than for GLDAS (1.39 £ 0.07) and the
standard deviation of the estimates is smaller (0.27 versus
0.68). The mean pressure loading admittances for all cases
in Table 4 are close to unity, consistent with Petrov and Boy
(2004).

GLDAS admittances for several sites are significantly
greater than unity indicating that other correlated unmod-
eled contributions are also present. Most of the correla-
tions between pressure and hydrology loading admittances
are not significant. However, in the most significant cases
for GRACE, the admittances are anticorrelated: Fortleza
(—0.33) and Tsukub32 (—0.34); and for GLDAS: Fortleza
(—0.31) and Tigoconc (—0.36).

The admittances were estimated using the VMF1 map-
ping functions. As a test, when alternative solutions were
made using the NMF mapping functions, the admittances
for some of the sites changed significantly. For instance,
the NMF GLDAS hydrology and pressure admittances at
Tsukuba (0.85 and 1.21) were both much closer to unity.
For Hobart26, the NMF GLDAS admittances were (1.04 and
0.85) again closer to unity than with VMF1. However, for Ny-
Alesund, the NMF hydrology and pressure admittances were
(0.58 and 0.42), which is much closer to unity for hydrol-
ogy, but the pressure admittance decreased significantly from
0.98. To investigate further, we also ran solutions similar to
Al and A2 and found that the site vertical repeatabilities
for these Tsukuba and Hobart26 were better with NMF than
VMF1, which is an indication of a possible error in VMF1
for these sites. It is beyond the scope of this paper to fully
investigate correlations between mapping function errors and
the loading contributions.

For comparison with our results, we note that Tregoning
et al. (2009) computed GLDAS vertical admittances for ten
Canadian GPS sites by estimating a scale factor applied to
the GLDAS displacements to fit the observed GPS height
anomalies. They obtained factors ranging from 1 to 2.7. The
larger-scale factors are either caused by deficiencies in the
GLDAS model (for example, no modeling of groundwater)
or other unmodeled errors in the GPS time series.
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Table 5 Correlation between R1+R4 vertical position time series and

hydrology loading series

Station #Months Correlation
GLDAS GRACE

FORTLEZA 32 0.52 0.56
GILCREEK 19 0.70 0.74
KOKEE 56 —0.18 0.09
MATERA 16 0.23 0.20
NYALES20 28 0.12 —0.24
SVETLOE 14 0.48 0.51
TIGOCONC 63 —0.04 —0.08
WESTFORD 16 0.50 0.48
WETTZELL 69 0.57 0.48
ZELENCHK 13 0.61 0.68
Mean 0.47 0.43

WETTZELL ¢ Position Time Series
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4.4 Correlation between the VLBI position time series and
the hydrology loading series

Another way to investigate the presence of hydrology loading
in the VLBI position time series is to calculate the correla-
tion between the VLBI position time series and the hydrology
loading series. First, we computed monthly VLBI series from
the position time series (estimated in solution A1 where no
hydrology loading was applied) by averaging all observa-
tions corresponding to the same month. This was done by
weighting each observation using the errors of the position
estimates. The GRACE mascon time series was smoothed
with a Gaussian filter to obtain a monthly series. Since the
hydrology loading series calculated from the GLDAS Noah
model are already monthly, we did not process it further.

We chose a subset of stations observed in R1 and R4 ses-
sions during the period 2003-2010, requiring that each sta-
tion was observed in five or more session days during each
month we considered. This was done to obtain good accu-
racy in the resampled series. In addition we required that a
site satisfied the monthly sampling requirement for at least
10 months. The correlation between the position time series
and the two hydrology loading series is given for these sites
in Table 5.

The correlation depends on how dominant the hydrology
loading signal is for a specific site and whether there are other
unmodeled effects present that are correlated with the hydrol-
ogy signal. The mean correlation is 0.47 for the GLDAS Noah
model and 0.43 for the GRACE mascons, meaning that our
hydrology loading series are on average correlated with the
position time series. The worst correlations between hydrol-
ogy loading series and VLBI time series are for island sites
(Kokee, Ny Alesund) where signals are small or coastal sites
(TIGO Concepcion, Matera).

@ Springer

Fig. 7 Vertical time series for Wettzell with the error bars of each esti-
mate (black). Hydrology loading displacements for Wettzell calculated
from the GLDAS Noah model (blue). Hydrology loading displacements
for Wettzell calculated from the GRACE mascons (red)

The most frequently observed VLBI antenna during the
GRACE period 2003-2010 is in Wettzell, Germany. Figure 7
shows the monthly vertical time series for Wettzell plot-
ted against the monthly GLDAS Noah and GRACE mas-
con hydrology loading series. The correlation between the
position time series and the GLDAS Noah model hydrology
series is 57 % and for the GRACE mascon series 48 %. These
correlations indicate that hydrology is a dominant signal for
Wettzell and thus it is not surprising that the annual amplitude
is reduced when hydrology loading is applied. The correla-
tion is not as good at other sites, probably because some sites
may have other remaining unmodeled effects that are of at
least of the same magnitude as the hydrology signal.

Two sites that have a negative correlation with the hydrol-
ogy loading series are Kokee (using GLDAS loading) and
Ny Alesund (using GRACE loading), which is consistent
with the increase in vertical variance (see Fig. 4b). These are
both island sites so the hydrology signal is very small, as
can be seen in Table 1. The negative correlation essentially
means that hydrology loading is not the main effect that has
to be modeled at those sites. For Gilcreek, Svetloe, Westford,
Wettzell, and Zelenchukskaya, there was significant reduc-
tion of vertical variance (see Fig. 4b) and the correlations
between the position time series and the hydrology loading
series are all large enough to draw the conclusion that hydrol-
ogy loading is a significant effect at these stations.

5 Conclusions and future work

We have verified the presence of ahydrology loading signal in
VLBI measurements. Application of the hydrology loading
series computed from either the GLDAS Noah model or from
GRACE mascons improves the site position estimates. In
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analysis of R1+R4 VLBI sessions from 2003 to 2010, we
found abaseline length WRMS reduction of 1-4 mm for 79 %
(80 %) of the baselines when GLDAS (GRACE) hydrology
loading is applied in VLBI analysis. There is also a reduction
in the site position UEN repeatabilities for most sites; the
vertical WRMS reduction was 1-3 mm for 83 % (78 %)
of sites with GLDAS (GRACE) loading applied. In the east
(north), there is a WRMS reduction of 0.5-2 mm for 89 %
(67 %) and 67 % (67 %) of sites for GLDAS and GRACE,
respectively. In the future, it would be illuminating to make
a detailed comparison of loading results at colocated VLBI
and GPS sites.

Global estimates of the annual site vertical amplitudes
were reduced for 16 out of 18 sites when either the GLDAS
or GRACE loading series were applied in analysis. We esti-
mated loading vertical admittance factors for each site and
found that the average admittances were 1.01 £ 0.05 for
GRACE and 1.39 + 0.07 for GLDAS. The standard devi-
ation of the GRACE admittances and GLDAS admittances
were 0.31 and 0.68, respectively. Based on this admittance
result, we conclude that GRACE is better at correcting the
hydrology signal in VLBI data. As a last test, we gener-
ated resampled VLBI monthly position time series and com-
puted its correlation with the GLDAS series and monthly
resampled loading series from GRACE. The average corre-
lations between the VLBI vertical position time series and the
GLDAS model series or the GRACE series were found to be
0.47 and 0.43, respectively, which is comparable to the level
of correlations between GRACE loading series and GPS site
postion vertical time series in Tregoning et al. (2009).

We have established a loading service available at
http://lacerta.gsfc.nasa.gov/hydlo/ where we provide hydrol-
ogy loading products. We produce site position loading series
for alist of about 170 VLBI sites with respect to both the cen-
ter of mass of the solid Earth and center of mass of the solid
Earth + loading mass. These series are updated as soon as
new GLDAS data become available. We also produce loading
series computed on a 1° x 1° global grid which can be inter-
polated to any point of interest. These series are provisional
products in the International Earth Rotation and Reference
Systems Service Global Geophysical Fluids Center.

In the near future, we plan to compute series for the new
GLDAS model, GLDAS-2, which is more self-consistent and
should explain anomalies that we observed during the years
1995-1997. The main objective of GLDAS-2 is to create
more climatologically consistent data sets using the same
forcing data sets over the period of the model (Rodell, per-
sonal communication, 2013). We plan on making loading
series computed from GLDAS-2 available on the loading
service website as soon as they have been tested.
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