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Abstract

Annual cycles in the geocenter motion time series are primarily driven by mass changes in the Earth’s hydrologic system,
which includes land hydrology, atmosphere, and oceans. Seasonal variations of the geocenter motion have been reliably
determined according to Sun et al. (J Geophys Res Solid Earth 121(11):8352-8370, 2016) by combining the Gravity
Recovery And Climate Experiment (GRACE) data with an ocean model output. In this study, we reconstructed the
observed seasonal geocenter motion with geophysical model predictions of mass variations in the polar ice sheets,
continental glaciers, terrestrial water storage (TWS), and atmosphere and dynamic ocean (AQO). The reconstructed geo-
center motion time series is shown to be in close agreement with the solution based on GRACE data supporting with an
ocean bottom pressure model. Over 85% of the observed geocenter motion time series, variance can be explained by the
reconstructed solution, which allows a further investigation of the driving mechanisms. We then demonstrated that AO
component accounts for 54, 62, and 25% of the observed geocenter motion variances in the X, Y, and Z directions,
respectively. The TWS component alone explains 42, 32, and 39% of the observed variances. The net mass changes over
oceans together with self-attraction and loading effects also contribute significantly (about 30%) to the seasonal geocenter
motion in the X and Z directions. Other contributing sources, on the other hand, have marginal (less than 10%) impact on
the seasonal variations but introduce a linear trend in the time series.

Keywords Geocenter motion - Mass transportation - GRACE - Degree 1 coefficients

Introduction earthquakes only affect the linear trend estimates of the

geocenter motion time series. Mass changes in the Earth’s

Geocenter motion is usually defined as the relative move-
ment of the center-of-mass (CM) of the entire Earth system
with respect to the center-of-figure (CF) of the solid Earth
surface (e.g., Petit and Luzum 2010; Ray 1999). Its non-
tidal portion is primarily driven by redistributing masses
both on the Earth’s surface and inside the solid Earth.
Detectable solid Earth contributions including those due to
glacial isostatic adjustment (GIA) and very large
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outer fluid layers, such as atmosphere, oceans, terrestrial
water, glaciers, and ice sheets, are responsible for both
seasonal and linear variations in the geocenter motion time
series.

In the CF reference frames, geocenter motion is equiv-
alent to the degree 1 terms (Cjg, Cij, and S;;) of the
temporal variations of the gravity field. It can be deter-
mined with traditional geodetic techniques such as the
satellite laser ranging (SLR), the global navigation satellite
system (GNSS), and the Doppler orbiography and
radiopositioning integrated by satellite (DORIS). These
techniques are called direct methods, since they use ground
tracking stations anchored to the solid Earth to observe
satellites orbiting about the CM and can directly build a
link between the CM and the CF (e.g., Cheng et al. 2013;
Meindl et al. 2013; Feissel-Vernier et al. 2006). However,
the quality of the corresponding products is limited by the
deficiency in modeling the satellite dynamics and the so-
called network effect. The network effect affects all direct
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methods, since the employed ground tracking networks are
sparse or not evenly distributed that they are realizing the
center-of-network (CN) rather than the CF (Wu et al.
2003). It is reported recently that the network effect can be
as large as the geocenter motion itself (Zannat and Tre-
goning 2017a, b). Geocenter motion can also be inverted if
the global solid Earth deformation is measured at GPS sites
(Blewitt et al. 2001). This is because the translation of the
geocenter is always companioned with a unique degree 1
load induced solid Earth deformation (Blewitt 2003). Other
variants of the GPS inversion method are emerged to
overcome several problems with this approach. For
example, GRACE data are incorporated to better isolate the
degree 1 related signals and ocean bottom pressure (OBP)
model predictions are used as pseudo observations to
improve the data coverage (e.g., Kusche and Schrama
2005; Wu et al. 2006). Swenson et al. (2008) proposed to
estimate degree 1 coefficients by combing GRACE data
with an OBP model. Such a method has been further
developed by Sun et al. (2016a) to also estimate J, coef-
ficients. The resulting J, solution is well compared to the
SLR solutions, which are currently the most accurate
source for J, (Meyrath et al. 2017). Sun et al. (2016b)
further verified and refined the estimates by implementing
a simulation study and optimizing the parameter settings.
The geocenter motion estimates are proved to be accurate
in terms of estimating surface mass changes when com-
panioned with GRACE data (Sun et al. 2017). Hereafter,
such a method is called the GRACE-OBP approach.
Finally, geocenter motion can be reconstructed with
geophysical models. Many researchers have compared
observed geocenter motion time series with their recon-
structed solutions based on modeled mass variations of
atmosphere, oceans, terrestrial water, glaciers and ice
sheets, etc. (e.g., Dong et al. 1997; Chen et al. 1999; Dong
et al. 2014; Collilieux et al. 2010). However, all the former
efforts compared modeled geocenter motion with those
based on solutions from the direct method, such as SLR
and DORIS. The geocenter motion time series is poorly
compared due to both systematic errors in the observations
and deficiencies in the less constrained geophysical mod-
els. In this study, we reconstructed a new geocenter motion
time series based on available state-of-the-art geophysical
models and compared it with the GRACE-OBP solution.
By doing so, we obtain in-depth knowledge of the geo-
physical interpretation of geocenter motion. According to
Sun et al. (2016b), the linear trends in geocenter motion
time series from the GRACE-OBP method are largely
dependent on the applied GIA model, which still carry
large uncertainties. Therefore, the comparison is focused
on the seasonal geocenter motion arising from the present-
day mass transport (PDMT). Linear trends in the geocenter
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motion time series originate from the solid Earth, and the
mass loading is not considered at the time being.

Geocenter motion time series
from the GRACE-OBP method

We have implemented the GRACE-OBP approach using
the implementation parameters suggested by Sun et al.
(2016b) in order to optimize the estimates of the seasonal
variations in the resulting geocenter motion time series. In
that study, the authors identified those parameters with an
end-to-end simulation. That is, self-attraction and loading
(SAL) effects are activated when distributing ocean waters;
a buffer zone of 200 km wide is used to avoid signal
leakage from continent to oceans due to the coarse spatial
resolution of the GRACE data; the input GRACE solutions
are truncated at degree 45. These parameter settings are
applicable for all GRACE solutions.

The GRACE-OBP method requires two data sets
including the GRACE data and the degree 1 component of
an OBP model. The input GRACE data are in the form of
Stoke coefficients directly taken from the level-2 product
(known as GSM). To obtain those GSM coefficients, high-
frequency atmospheric and dynamic ocean effects are
modeled and subtracted from raw GRACE data at early
stages using the Atmosphere and Ocean Dealiasing level-
1B (AODI1B) product (Flechtner and Dobslaw 2013).
Therefore, GSM coefficients should contain no atmo-
spheric and dynamic ocean (AQO) effects provided that the
AODI1B product is perfect. Monthly averages of AOD1B
coefficients are stored in the GAC files. The projection of
GAC on the oceans is an OBP model and stored in the
GAD files. According to Swenson et al. (2008), when
working with GSM coefficients, the degree 1 coefficients
of the GAD need to be removed from the input degree 1
coefficients of the applied OBP model for consistency.
Therefore, if we apply the OBP model extracted from the
AOD1B product as the input of the GRACE-OBP method,
the input OBP degree 1 coefficients becomes zeros. At the
same time, the obtained geocenter motion contains no AO
effects, and need to add back the GAC degree 1 coeffi-
cients to obtain the full geocenter motion.

In this study, we obtain geocenter motion time series
based on the latest GRACE solutions from three official
centers, namely, the Center for Space Research (CSR)
RLOS solution (Bettadpur 2012), the Geo Forschungs
Zentrum (GFZ) RLO05a solution (Dahle et al. 2013), and
the Jet Propulsion Laboratory (JPL) RLO5 solution (Wat-
kins 2012) (see Fig. 1). All three solutions are using the
same AODI1B product, and the input OBP degree 1 coef-
ficients are also the same. Therefore, the resulting geo-
center motion time series are somewhat correlated. The
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Fig. 1 Geocenter motion time
series estimated from the
GRACE-OBP approach. The
gray, blue, and red time series
are results based on GFZ RLO0S5,
JPL RLOS, and CSR RLO5
GRACE solutions, respectively.
The linear trends are removed
from all time series, which
implies that the GIA signals are
not included. The AO effects
predicted by the dealiasing
product AOD1B are not
restored

geocenter motion (mm)

good comparison of the results, however, show that the
geocenter motion estimates are not sensitive to the choice
of GRACE solutions. We believe that the average of the
three geocener motion time series should be sufficiently
representative.

It is now clear that the AO mass variations are the
monthly averages derived from the AOD1B product. The
AODIB product is based on the European Center for
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Medium-Range Weather Forecasts (ECMWF) (Dee et al.
2011) and the Ocean Model for Circulation and Tides
(OMCT) (Thomas 2002), which is driven by the ECMWF.
The contributions of the AO mass variations are shown in
Fig. 2. As mentioned above, the total geocenter motion
time series can be found by restoring these contributions to
the GRACE-OBP solution. The AO mass variations con-
tribute significantly to the climate-driven seasonal
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Fig. 2 Geocenter motion due to AO. a—c X, Y, and Z geocenter motion
components, respectively. OBP denotes the ocean bottom pressure,
which is based on the GAD product. Note that the atmospheric
contribution over oceans is also included due to the inverted

2004 2006 2008 2010 2012 2014
year year

2004 2006 2008 2010 2012 2014

barometer effect. ATM represents the GAC-GAD and represent the
contribution of continental atmosphere. AO is the combination of
OBP and ATM
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geocenter motion. The GRACE-OBP approach assumes
that the AO-induced geocenter motion is known and
accurate. This, however, is not necessarily true. Sun et al.
(2016b) implemented the GRACE-OBP method while
using an alternative OBP model, i.e., the estimating the
circulation and climate of the ocean (ECCO) (Fukumori
2002; Kim et al. 2007). They found that the annual
amplitudes of degree 1 coefficients are different within
15%. For annual phase estimates, the largest differences
are 11 days. The differences caused using two OBP models
are not significant, but still need to be further analyzed in
future studies. This, however, is not the primary purpose of
this study.

Geocenter motion predicted by geophysical
models

It is well known that seasonal geocenter motion is pri-
marily driven by surface mass loading, which can be
attributed to multiple sources. The AO effects have already
been given in “Geocenter motion time series from the
GRACE-OBP method”. Here, we consider the contribu-
tions of mass variations over both Antarctica and Green-
land ice sheets, continental glaciers, terrestrial water
storage, as well as total ocean mass changes. By summing
up all these contributors, one should be able to reconstruct
the GRACE-OBP-based geocenter motion solution.

We first obtain mass loading fields represented in terms
of equivalent water height from geophysical models on a
monthly basis. Then, the degree 1 mass coefficients are
estimated by performing spherical harmonic analysis and
converted to geocenter motion estimates. In the following,
we give a brief introduction of the geophysical models
used.

Ice sheets and continental glaciers

Mass changes over ice sheets as well as continental glaciers
can be obtained from several methodologies. It can be
estimated using GRACE gravimetry measurements (Jacob
et al. 2012), altimetry measurements (Zwally et al. 2005)
and the input—output method (Rignot et al. 2008). How-
ever, solutions from all techniques have reconciled esti-
mates of ice-sheet mass balance recently (Shepherd et al.
2012).

Here, for both Antarctica and Greenland ice sheets, we
use the input—output method to estimate their mass varia-
tions following Frederikse et al. (2016). The input comes
from the Regional Atmospheric Climate Model (RACMO)
2.3 (van de Berg and Medley 2016; Noél et al. 2015;
Wessem et al. 2014) surface mass balance (SMB), while
the output is the ice discharge acceleration which can be
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taken from van den Broeke et al. (2016) for Greenland (6.6
Gt year—') and Rignot et al. (2011) for Antarctica (9.0 Gt
year—!). The contribution of ice sheets is further validated
by the estimates from the Ice-sheet Mass Balance Inter-
comparison Exercise (IMBIE) project and GRACE data.
The Antarctica and Greenland ice-sheet mass variations are
denoted as ANT and GRE hereafter.

For continental glaciers mass balance (GLA), we use the
estimates based on Marzeion et al. (2015). So far, only
annual observations in the glacier mass balance are avail-
able. Although monthly data are obtained based on linear
interpolation, it hardly contributes to any seasonal changes
of the geocenter motion. However, we still decided to
include it for completeness.

Terrestrial water storage

Terrestrial water storage (TWS) includes the contribution
from soil moisture, snow, surface water, and groundwater,
etc. It is critical in the global hydrology system. Due to the
lack of global-scale data constraints, the TWS is currently
modeled with data assimilation techniques. As a result, the
large-scale mass redistribution derived from a TWS model
may not be accurate. Here, we choose the Global land data
assimilation system (GLDAS) products, which currently
contains only the snow, soil moisture, and canopy water.
The groundwater as well as separate surface water com-
ponents such as rivers and lakes, on the other hand, are not
included. GLDAS has four different models including
Noah model (NOAH), the community land model (CLM),
the Mosaic model (MOS), and the variable infiltration
capacity model (VIC) (Rodell et al. 2004). We integrated
the snow, canopy water, and all soil moisture layers for
each of the four models to obtain the total water content.
The uncertainties of these models are not available and we
expect using the average of them allows for the removal of
some random noises in the geocenter motion time series.
However, the CLM model failed to predict the seasonal
variabilities in the geocenter motion time series (see
Fig. 3). Therefore, we take the average of NOAH, VIC, and
MOS models as the final solution of the GLDAS model.

Another commonly used model, the WaterGAP Global
Hydrology Model (WGHM), is also used for the purpose of
mutual comparisons. In this study, the WGHM TWS is
kindly provided by Miiller Schmied (personal communi-
cation) based on the latest WaterGAP 2.2 ¢ model
(Miiller Schmied et al. 2014, 2016). Different from the
GLDAS model, the WGHM model also computes the
variations in groundwater storage.

It is also worth noting that Greenland and its periphery
area (300 km) are masked out from both models as snow,
and ice dynamics are poorly modeled there.
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Fig. 3 Geocenter motion due to GLDAS NOAH, VIC, MOS, and CLM models

Self-attraction and loading effects

The geophysical models adopted in this study are not
coupled meaning that the sum of all these models does not
ensure the mass conservation of the entire Earth system.
This problem was usually ignored in former efforts and is
recently solved by applying the so-called Greatbatch cor-
rection. This correction simply adds/removes a thin uni-
form layer of water from oceans to balance the mass
variations from all other components combined (e.g.,
Swenson et al. 2008; Dong et al. 2014). However, such a
uniform distribution is not realistic as it ignores the impact
of SAL effects. Regional mass redistributes modify the
Earth’s gravity field and ocean waters will passively
redistribute to align with the newly formed equipotential
surface. The water flows in to or out from the ocean basins
will not be distributed over oceans as a uniform layer but
following certain patterns known as fingerprints (e.g.,
Tamisiea et al. 2010), which can be computed through the
sea-level equation (e.g., Farrell and Clark 1976; Mitrovica
et al. 2001). Therefore, we take into account these effects
to obtain more realistic geocenter motion estimates due to
total ocean mass variations (OCN).

Results

In Fig. 4, we show the five considered contributing sources
of geocenter motion excluding the AO component. The
most important contributing source of the seasonal signals
in geocenter motion is the TWS and the OCN. As discussed
above, the OCN needs to balance out the sum of mass
changes from all other components to ensure the total mass
conservation in the Earth system, the OCN-induced geo-
center motion is thus strongly correlated with the combi-
nation of other contributing sources. we show the geocenter

motion time series derived from GLDAS and WGHM
models (see Fig. 5). Both solutions are featured with clear
and similar seasonal variations. Switching only the
hydrology models used for the TWS component while
keeping all other geophysical models unchanged will also
change the OCN-induced geocenter motion accordingly
(see Fig. 6).

In Fig. 7, we show the reconstructed geocenter motion
time series by combining all the components shown in
Fig. 4. On top of the reconstructed time series, the
GRACE-OBP solution is also shown as the reference. We
further estimate the amplitude and phase of the annual
variations of the geocenter motion to facilitate a more
detailed comparison between the reconstructed and
observed solutions (see Table 1). In Table 2, we calculate
the variance of the observed geocenter motion explained by
individual components of the considered contributing
sources. The explained variance (R) is defined as
R =1 —var<obs —rec > /var<obs >, where obs rep-
resent the GRACE-OBP solution after restoring the GAC
product (the AO effects), rec denotes the reconstructed
solution).

In the upper row of Fig. 7, we show the reconstructed
geocenter motion solutions with (Panel a) and without
(Panel b) adding back the AO effects. The TWS component
is estimated from the GLDAS model. In the lower row, the
only difference from the upper ones is that the TWS
component is modeled using the WGHM model. Without
considering the AO effects, the observed GSM-like geo-
center motion time series are well recovered by the
selected geophysical contributions in the X and Z directions
(Panels a, c), with the reconstructed solution explaining
about 80% of the variance in the observed one (see
Table 2). All the main features in the observed geocenter
motion time series are well explained. The annual ampli-
tude and phase are also relatively close. The mean annual
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amplitudes of the two reconstructed solutions are 1.47 and  and 2.82 mm). The annual phases of either of the two
3.04 mm, respectively, for the X and Z component, which reconstructed solutions are also close to the observed
are quite close to those from the observed solution (1.56 solution (within 2 weeks). Unfortunately, the agreement is
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motion time series plus the AO effects. The only difference between
the upper panels and lower panels is the TWS component used to
obtain the reconstructed solutions. The GLDAS model is used for the
plots in the upper panels, while the WGHM model is used in the

lower ones

Table 1 Annual variations of the reconstructed and GRACE-OBP-based geocenter motion time series

X (Ci) Y (S11) Z (Cyo)

Amp (mm) Pha (day) Amp (mm) Pha (day) Amp (mm) Pha (day)
GRACE-OBP 1.56 + 0.08 86+ 3 1.60 £ 0.07 301+£3 2.82 +0.09 86 +2
Reconstructed GLDAS 1.72 + 0.06 8342 1.00 £ 0.05 294 + 4 2.96 + 0.08 8142
Reconstructed WGHM 1.22 +0.04 7242 0.98 + 0.05 27943 3.12+0.05 T72+1
TOT GRACE-OBP 2.28 £0.13 5243 2.79 + 0.09 32742 2.92+0.18 69+3
TOT reconstructed GLDAS 2.47+0.10 51+£2 2.224+0.09 331+2 3.12+0.16 65+3
TOT reconstructed WGHM 2.19+£0.10 39+3 2.04 +0.07 32742 3.41+0.14 57+2

Note that the uncertainties shown are formal errors, which are estimated from the post-fit residuals and do not reflect the real uncertainty of the

estimates
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Table 2 Variance of the observed geocenter motion explained by the
reconstructed solutions and contributing sources

GLDAS WGHM
X (%) Y% Z®H) X% Y(%)  Z(%)

GSM 78 61 80 79 67 85
TOT 90 85 85 90 88 88
AO 54 62 25 - - -
ANT 1 0 3 - - -
GRE 2 - -
GLA 0 0 0 - - -
WS 42 42 39 36 33 67
OCN 36 —4 29 32 -2 29

less well in the Y direction as only about 60% of the
variance has been explained. This is also reflected in the
annual amplitude estimate (1.6 mm for the observed
solution and only about 1 mm for the reconstructed solu-
tions). Since the seasonal variations mainly come from the
TWS component in this direction, the discrepancies can be
largely attributed to the model deficiencies in both GLDAS
and WGHM models. After restoring the AO effects (Panel
b, d), we notice that the full geocenter motion time series
variance can be explained by over 85% using either of the
two hydrology models. The annual amplitudes and phases
are in line with solutions based on other techniques and
thus can be considered as reasonable.

In view of the good agreement of the reconstructed
geocenter motions and the observed solution, it is possible
for us to quantify the contribution of each component in the
Earth system to the total geocenter motion. We show this
result also in terms of explained variance (see Table 2), but
based on a slightly different definition, i.e.,
R =1—var<obs — com > /var<obs >, with com the
individual contributing sources. The melting of the conti-
nental glaciers and the polar ice sheets dominate the linear
trend estimates in the geocenter motion time series (see
Fig. 4). They, however, have only minor contributions to
the seasonal signals in the geocenter motion time series.
Glaciers contribute negligibly to all three components as
expected. Ice sheets have a slightly larger contribution in
the Z direction, but still explain less than 10% of the
observed variance.

Atmosphere and dynamic ocean is the largest con-
tributing source for seasonal geocenter motion in both
X and Y components. When combined, they explain 54 and
62% of the variance in those two directions, respectively.
In the Z direction, it accounts for 25% of the variance.
TWS is another major contributing source. Based on the
GLDAS model, it explains about 40% of the observed
variances in the X, Y, and Z directions. However, the
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Z geocenter motion is much better explained when using
the WGHM model (67%). This is probably because the
WGHM model also models the groundwater component.
Finally, ocean mass variations due to ocean—land mass
exchanges also play a critical role in recovering the
observed X and Z geocenter time series. Such a contribu-
tion is responsible for about 30% of the observed X and
Z component variances, respectively. The minor impact on
the Y component is expected, since the Y component of
geocenter motion is mostly influenced by continental mass
changes rather than oceanic ones (Chen et al. 1999).

Conclusions and discussion

In this study, we use geophysical models to reproduce the
seasonal geocenter motion time series estimated from the
GRACE-OBP approach. For the time being, AO effects
modeled by the GAC products are assumed to be accurate.
Under this assumption, we conclude that the AO and TWS
components and the associating ocean responses are the
main contributors to the seasonal variations in geocenter
motion. They combined explain almost the entire seasonal
variations in geocenter motion time series. The contribu-
tion from ANT and GRE, on the other hand, is rather
limited. Currently, we are still not able to accurately
determine the contribution of continental glaciers due to
the low temporal resolution of the observations.

The geocenter motion in the Y direction, unlike those in
the other two directions, is not that well explained by the
selected geophysical models. This is probably due to the
lack or mis-modeling of groundwater component in the
GLDAS and WGHM models. Note that WGHM claims to
contain the groundwater component and works indeed
better than that of the GLDAS model. This becomes evi-
dent as the reconstructed geocenter motion involving the
WGHM model explains the observed solution slightly
better. However, the groundwater component, at least its
low-frequency components, are not accurate enough, since
the large discrepancy between the reconstructed and
observed Y direction geocenter motion time series is still
exists. Such groundwater component significantly affects
the estimation of the geocenter motion in the Y direction,
whereas it has only secondary effects on the other two
directions. This is expected, since the groundwater is
trapped over land areas and may only affect the OCN
component through the SAL effects, which are likely to be
minor. Anthropological impacts, such as groundwater
depletion and building dams, could also have some effects
on the geocenter motion, but likely restricted to the linear
trend estimates. To a lesser extent, the discrepancies may
also relate to the omission of the seasonal variabilities in
the GLA component. Mass variations in the GLA
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component will directly affect the total ocean mass changes
and thus affects the geocenter motion in all three direc-
tions. The good agreement in the X and Z of the recon-
structed and the observed geocenter motion time series
indicates the GLA has a rather limited contribution to the
seasonal signals in the geocenter motion time series.

The modeled AO effects are used in both the GRACE-
OBP solution and the reconstructed solution. Therefore,
this study is not able to conclude if the observed AO-
induced geocenter motion and the remodel-predicted
solution are reconciled or not. To do so, a geocenter motion
solution independent from any geophysical models is better
suited for such a comparison study. We recently noted that
Wu et al. (2017) provided a geocenter motion time series
largely based on real data which may be used in future
investigations.

In this study, we exclude the solid Earth contributions to
geocenter motions by removing the trend in the time series.
The side effect of doing so is that we also remove the trend
due to the surface mass transport. Since GIA models are
very uncertain, it is premature to discuss the geocener
motion trend using the GRACE-OBP approach. However,
there are already approaches that allow us to obtain
promising geocenter motion trend (e.g., Wu et al. 2010;
Rietbroek et al. 2012, 2016), which may be suited to study
the contributing sources of geocenter motion trend in the
next step.
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