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Global eustatic sea-level variations for the
approximation of geocenter motion from GRACE
Abstract:Global degree-1 coe�cients are derivedbymeans
of the method by Swenson et al. (2008) from a model of
ocean mass variability and RL05 GRACE monthly mean
gravity �elds. Since an ocean model consistent with the
GRACE GSM �elds is required to solely include eustatic
sea-level variability which can be safely assumed to be
globally homogeneous, it can be empirically derived from
GRACE aswell, thereby allowing to approximate geocenter
motion entirely out of the GRACE monthly mean gravity
�elds. Numerical experiments with a decade-long model
time-series reveal that the methodology is generally ro-
bust both with respect to potential errors in the atmo-
spheric part of AOD1B and assumptions on global degree-1
coe�cients for the eustatic sea-level model. Good corre-
spondence of the GRACE RL05-based geocenter estimates
with independent results let us conclude that this approx-
imate method for the geocenter motion is well suited to be
used for oceanographic and hydrological applications of
regionalmass variability fromGRACE, where otherwise an
important part of the signal would be omitted.
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1 Introduction
For about twelve years now, the Gravity Recovery and Cli-
mate Experiment (GRACE) satellite mission captures the
time-variations in the Earth’s gravity �eld at very large spa-
tial scales. By assuming that low-frequency variations -
i.e., at periods ranging fromabout 30days to several years -
take place entirely in a thin layer close to the surface of the
solid Earth, those gravity �eld variations are unambigu-
ously translated into mass anomalies (Wahr et al., 1998).
These are primarily related towater re-distributions at and
between the continents and the oceans.

Time-series of monthly mean gravity �elds provided
by the GRACE project are routinely calculated in a refer-
ence frame related to the center-of-mass of the Earth Sys-
tem (CM). The corresponding degree-1 terms of the spher-

ical harmonic expansion are therefore zero by de�nition.
Thus, mass anomalies for any regional average obtained
from those series entirely neglect all contributions related
to the o�set between the center-of-mass and a center-of-
�gure (CF) frame, which is commonly denoted as geocen-
ter motion (Petit and Luzum, 2010). In view of the high
precision of GRACE estimates, however, geocenter motion
contributions have been found non-negligible for both
oceanographic (Chambers and Willis, 2009), and hydro-
logic applications (Chen et al., 2005).

Geocenter motion is typically derived from satellite
laser ranging (SLR) observations to geodetic satellites as,
e.g., LAGEOS and STELLA, that relate the kinematic or-
bits of those satellites to stations realizing the terrestrial
reference frame (Chen et al., 1999; Eanes, 2000; Cretaux
et al., 2002). Alternatively, observations of the global net-
work of GPS permanent stations allow also for the deriva-
tion of geocenter variations (Blewitt et al., 2001; Lavallée
et al., 2006; Fritsche et al., 2010). More recently, promising
results of geocenter motion estimates have been reported
for joint inversions of a wide number of di�erent observa-
tions, i.e. satellite altimetry over the oceans, GPS perma-
nent station observations, in-situ ocean bottom pressure
observations, GRACE time-variable gravity �elds (Davis
et al., 2004; Jansen et al., 2009; Rietbroek et al., 2012). Par-
tially augmented by information fromgeophysicalmodels,
those joint inversions provide geocenter motion estimates
that are presumably more robust and less noisy than re-
sults from a single observing system alone.

Since geocenter motion estimates from all the meth-
ods mentioned above typically have latencies of several
weeks to months, it would be highly bene�cial to approxi-
mate the geocenter from data of the GRACEmission alone.
A method allowing such an approximation has been pro-
posed by Swenson et al. (2008). Their algorithm essen-
tially assumes that from the a-priori knowledge of mass
distribution at a su�ciently large fraction of the Earth’s
surface, the missing global degree-1 coe�cients and thus
the geocentermotion canbederived. Theglobal oceans are
the typical domain of choice, but other regions are in prin-
ciple possible as well.
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During the GRACE gravity �eld processing, high-
frequency tidal and also non-tidal mass variability is
de-aliased by means of time-variable background mod-
els (Flechtner and Dobslaw, 2013). The GRACE Level-2
monthly mean gravity �elds - the so-called GSM �elds -
therebydonot include signals related to atmosphericmass
variability. GSM �elds also do not include ocean bottom
pressure anomalies caused by regionally varying surface
winds. They include however, signals related to the eu-
static contribution to global sea-level, since this e�ect has
been intentionally excluded from the de-aliasing model
(Flechtner and Dobslaw, 2013). Note that the monthly-
mean averages of both atmospheric and oceanic non-tidal
variability removed during the de-aliasing process are pro-
videdasGACproducts alongwith theGSM�elds and there-
fore can be restored for further analysis if appropriate.

In order to approximate degree-1 coe�cients consis-
tent with the GRACE GSM �elds with Swenson’s method,
a model of the eustatic contribution to global sea-level
is required. Net-in�ow of freshwater into the global
ocean raises the sea-level homogeneously (Dobslaw and
Thomas, 2007; Lorbacher et al., 2012) as long as e�ects of
loading and self-attraction (Tamisiea, 2011; Kuhlmann et
al., 2011) are not taken into account. Thus, such a model
of the eustatic variation of the sea-level might be derived
empirically from the GRACE gravity �elds - by incorporat-
ing the assumption of a globally homogeneous response
of sea-level to a net-�ux of water.

The present paper is structured as follows: First, the
essentials of the method of Swenson et al. (2008) are re-
called in section 2. Next, we are going to test Swenson’s
methodwith the help of a numericalmass transportmodel
developed for future satellite gravity mission simulation
experiments. The model realistically includes mass re-
distributions among and within atmosphere, cryosphere,
continental hydrosphere and the global oceans (section
3). Subsequently, we assess di�erent processing strategies
to empirically derive a model of the global eustatic sea-
level variations fromGRACE (section 4), that are �nally ap-
plied iteratively to Swenson’s method to arrive at a re�ned
approximation of the geocenter motion that is �nally dis-
cussed with respect to independent estimates from alter-
native geodetic techniques in section 5.

2 Methodology of Swenson et al.
(2008)

The method to approximate geocenter motion introduced
by Swenson et al. (2008) is essentially based on the fact

that we can separate the surface mass signals into di�er-
ent components. The mass distribution at any position on
a sphere is described from a (truncated) series of global
spherical harmonic coe�cients:

∆σ(θ, ϕ) =
∞∑
l=0

l∑
m=0

P̃lm(cos θ){∆Clm cosmϕ + ∆Slm sinmϕ}

(1)

By setting a certain fraction of the sphere’s surface -
let’s say all continental regions - to zero, a second series
of spherical harmonic coe�cients might be analyzed, that
lead to identical mass distributions in the oceanic regions
when re-synthesized:

∆Coceanlm = 1
4π

∫
dΩ P̃lm(cos θ) cosmϕ ϑ(θ, ϕ) σ(θ, ϕ)

(2)

Here, ∆Coceanlm are called ocean coe�cients in the re-
mainder of this paper in order to distinguish them from
the global coe�cients ∆Clm, and ϑ is a binary �eld separat-
ing land from ocean. By utilizing the orthogonality of the
associated Legendre functions on the sphere, every single
ocean coe�cient might be analyzed individually:

∆Coceanlm = 1
4π

∫
dΩ P̃lm(cos θ) cosmϕ ϑ(θ, ϕ)

·
∞∑
l′=0

l∑
m′=0

P̃l′m′ (cos θ){∆Cl′m′ cosm′ϕ + ∆Sl′m′ sinm′ϕ}

(3)

We now write the summation in Eq. (3) for the global
coe�cients of degree 1 explicitly:

∆Cocean10 = ∆C10 ·
1
4π

∫
dΩ P̃10(cos θ)ϑ(θ, ϕ)P̃10(cos θ)

+ ∆C11 ·
1
4π

∫
dΩ P̃10(cos θ)ϑ(θ, ϕ)P̃11(cos θ) cosϕ

+ ∆S11 ·
1
4π

∫
dΩ P̃10(cos θ)ϑ(θ, ϕ)P̃11(cos θ) sinϕ

+ 1
4π

∫
dΩ P̃10(cos θ)ϑ(θ, ϕ)

·
∞∑
l=0

l∑
m=0

P̃lm(cos θ){∆Clm cosmϕ + ∆Slm sinmϕ}

(4)

where the summation in Eq. (4) has to be read to exclude
∆C10, ∆C11, and ∆S11. Equation (4) is re-expressed once
more in a more compact form

∆Cocean10 = ∆C10 · I10C10C + ∆C11 · I10C11C + ∆S11 · I10C11S + G10C
(5)
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where we use the notation

I10C10C =
1
4π

∫
dΩ P̃10(cos θ)ϑ(θ, ϕ)P̃10(cos θ) (6)

with the superscript indicating the spherical harmonic to
the left of ϑ and the subscript indicating the one to the
right, and

G10C =
1
4π

∫
dΩ P̃10(cos θ) ϑ(θ, ϕ)

·
∞∑
l=0

l∑
m=0

P̃lm(cos θ){∆Clm cosmϕ + ∆Slm sinmϕ}

(7)

Setting up corresponding equations for ∆Cocean11 and
∆Socean11 leads to a linear equation system∆Cocean10
∆Cocean11
∆Socean11

 =

I10C10C I10C11C I10C11S
I11C10C I11C11C I11C11S
I11S10C I11S11C I11S11S


∆C10∆C11
∆S11

 +

G10C
G11C
G11S

 (8)

that might be solved for ∆C10, ∆C11, and ∆S11 by matrix
inversion in case that knowledge about the corresponding
ocean coe�cients at the left-hand side is available from
auxiliary sources. For global GSM-like coe�cients as ex-
plained above, this needs to be a semi-empirical model of
the eustatic global sea-level variability (see section 4).

3 Numerical Experiments
Applying Swenson’s methodology described above to ob-
tain GSM-like global coe�cients of degree-1 includes a
number of potential sources of uncertainty: (i) The geome-
try of the fraction of the sphere where a priori information
is introduced must be su�ciently large and su�ciently
shaped tomake the Imatrix in Eq. (8)well conditioned and
thereby numerically invertible. (ii) The GRACE GSM �elds
are obtained by reducing atmospheric and oceanic mass
variability with the potentially erroneous time-variable
background model AOD1B, thereby contributing to errors
in the global coe�cients contained in the G vector of Eq.
(8). (iii) The empirical model of the eustatic sea-level rise
based on limited observationsmight contain errors as well
that are introduced into the algorithm via the left-hand
side of Eq. (8).

Since the consequences of those e�ects are di�cult
to assess in general, we test the algorithm with four ex-
periments with a decade-long model time series. For this,
we use a numerical mass transport model developed for
simulation studies of future satellite gravity missions. The
numerical model is an update of the ESA Mass Transport

Model (Gruber et al., 2011) andprovides spherical harmon-
ics of global mass anomalies complete to degree and or-
der (d/o) 180 for the atmosphere based on ERA Interim
(Dee et al., 2011), for the oceans based on OMCT (Dob-
slaw et al., 2013), for the continental hydrosphere based
on LSDM (Dill and Dobslaw, 2013), and for the continental
ice-sheets based onRACMO-2 (Ettema et al., 2009), all con-
sistently forced with ERA-Interim atmospheric data. The
time series cover twelve years from 1995 until 2006, and
its temporal sampling is six hours. Since we are going to
approximate the geocenter on time-scales corresponding
to the nominal GRACE sampling, monthly mean averages
calculated for each sub-system are used in the following
experiments.

In TEST 1,we assume that themass anomalies over the
oceans are known exactly from the mass transport model.
We take all coe�cients of d/o = 0 and d/o ≥ 2 from the sum
of ocean, continental hydrology and ice as the global co-
e�cients, and derive degree-1 coe�cients with Swenson’s
method that compare well to the true ones from the mass
transport model (Fig. 1a). Relative explained variances of
more than 99% for all components (Table 1) indicate that
the geometry of the global ocean is well suited to derive
global degree-1 terms with Swenson’s algorithm.

For TEST 2, we take again the mass anomalies over
the oceans as known, but additionally include the atmo-
sphere into the global coe�cents (Fig. 1b). By this, we as-
sume that none of the monthly-mean atmospheric con-
tributions has been removed by the time-variable back-
ground model AOD1B, which is a quite conservative as-
sumption, since current atmosphericmodels are generally
found to remove a substantial amount of residual variabil-
ity from the GRACE data (Zenner et al., 2012). Relative ex-
plained variances of more than 97% let us conclude that
errors in the atmospheric component of the time-variable
background model do not a�ect the methodology seri-
ously, and therefore need not to be considered further in
this context.

During TEST 3, we take the mass anomalies over
the oceans from the mass transport model and calcu-
late a time-series of the globally averaged eustatic sea-
level changes. This eustatic sea-level contribution is sub-
sequently spread out equally over the ocean domain of the
mass transport model and used together with the global
coe�cients of TEST 1 to calculate once more the global
degree-1 coe�cients (Fig. 1c). With this experiment, we
�nd substantial deviations between true and recovered
global degree-1 coe�cients, notably in ∆C11, where only
42% of the variance in the true coe�cient is described by
the one obtained with Swenson’s algorithm and a globally
homogeneous model of eustatic sea-level variability. In
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Table 1. Relative explained variance in [%] for the recovery of global degree-1 coe�cients in four di�erent test calculations with the updated
ESA mass transport model.

∆C10 ∆C11 ∆S11

TEST 1 99.48 99.90 99.62
TEST 2 97.21 98.32 99.17
TEST 3 81.79 42.29 76.74
TEST 4 82.28 42.37 76.42
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Fig. 1. Recovery of global geocenter variations in four di�erent test calculations with the updated ESA mass transport model: true model
series [black] and estimated with the method of Swenson et al. (2008) [red].
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Fig. 2. Global ocean mass variations estimated with Gauss Filter [red] and Langrange-Multiplier-Method [blue] for di�erent �lter radii (r = 0,
100, ... , 500 km). The di�erences between both methods (red - blue) are given in the subplot below each plot.
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particular the seasonal variability is a�ected, with an ap-
parent phase-shift of several weeks. Secular trends, how-
ever, are captured well even in this experiment.

Finally, for TEST 4, we repeat the previous experiment
but scale the homogeneous model of eustatic sea-level
variability with a factor of 1.1 in order to assess the impact
of potential errors in the global sea-level model (Fig. 1d).
By comparing derived global degree 1 coe�cients from ex-
periments 3 and 4, we �nd scaling coe�cients of 1.031 for
∆C10, 1.036 for ∆C11, and 0.983 for ∆S11, suggesting that
in particular ∆C11 and ∆C10 are susceptible to errors in the
eustatic sea-level model. We will return to those results in
the remainder of this paper.

4 Global eustatic mass variations
from GRACE

As outlined above, a model of eustatic sea-level variability
in the global oceans is required to derive global GSM-like
coe�cients with Swenson’smethod. To obtain one, we fol-
low the approachof Chambers (2004) that is entirely based
on GRACE monthly mean gravity �elds.

We take the release 05 (RL05) GRACE gravity �eld
solutions of the Deutsches GeoForschungsZentrum (GFZ)
(Dahle et al., 2012) provided as Stokes coe�cients up to de-
gree/order 90 for the period February 2003 to September
2012. We introduce an annual sinusoid for global degree-1
coe�cients taken from Eanes (2000). In order to minimize
continental leakage, we use an averaging domain that ex-
cludes all ocean areas closer than 300 km to the coasts. Av-
eraging mass variability over the chosen domain has been
performed in two di�erent ways as proposed by Swenson
and Wahr (2002): (i) an isotropic Gauss �lter, and (ii) the
Lagrange Multiplier Method. Where the former method at-
tempts a compromise between satellite and leakage er-
ror, the latter will �t the leakage error to satellite errors
obtained from the GRACE formal error. Note that due to
the large averaging area applied here, the consideration of
anisotropic �lter algorithms as suggested byKusche (2007)
is not necessary, since it does not notably a�ect the results.
Signal loss, due to the �ltering, however, is taken into ac-
count by applying re-scaling factors following Klees et al.
(2007).

For both the Gauss �ltering and the Lagrange Multi-
plier Method, we apply smoothing radii between 0 and
500 km, the corresponding re-scaling factors vary between
1.002 to 1.014, and 1.027 to 1.046, respectively. Amplitudes
(Table 2) comparewell between the twomethods, and gen-
erally decrease with stronger smoothing, as expected. For-

mal uncertainties of the amplitudes do not decrease sub-
stantially for smoothing radii above 300 km. Di�erences
between the time-series of both methods (Fig. 2) are small
for 300 km, and show - apart from a slightly di�ering sec-
ular trend - no systematics. Since over-smoothing tends to
diminish the signal and increases the chance of continen-
tal leakage, and since 300 km is also close to the theoreti-
cal spatial resolution limit of GRACE that is determined by
the inter-satellite distance of 250 km, and since moreover
both methodologies lead to identical amplitudes within
their formal uncertainties, we decide to use the 300 km
Gauss �ltered results for subsequent analysis.

5 GSM-like global degree-1
coe�cients from GRACE

Wenow introduce the empiricalmodel of eustatic sea-level
variability as a apriori information into Swenson’smethod
for the derivation of GSM-like global degree-1 coe�cients.
For the G vector of Eq. (8) we use again GRACE RL05 grav-
ity �eld solutions from GFZ (Dahle et al., 2012) up to d/o=
90. No additional �ltering is applied to the GRACE coef-
�cients at this stage, but to remove the long-term signal
of the Glacial Isostatic Adjustment (GIA), we subtract the
model of Paulson et al. (2007).

We estimate global degree-1 coe�cients for the
empirical eustatic sea-level model with the methodol-
ogy of Swenson (Fig. 3) and compare them to coe�-
cients based on CSR RL05 solutions from GRACE that
are readily available from the GRACE TELLUS website
(http://grace.jpl.nasa.gov/data/degree1) maintained by
Sean Swenson. In general, we note good agreement be-
tween both solutions, in particular with respect to secular
changes and annual amplitudes. Small month-to-month
di�erences exist, however, which are related to the dif-
ferent GRACE series applied, and to the speci�cs of the
processing of the eustatic sea-level variability model. In
addition, we note stronger deviations between both solu-
tions after 2011, when GFZ RL05 solutions were found to
be overly constrained to secular trends in a time-variable
low-degree background model, which eventually led to
the replacement of RL05 with RL05a in autumn 2013 (see
Release Note for GFZ RL05 GRACE L2 Products, C. Dahle,
2014, isdc.gfz-potsdam.de).

We now return to the fact that we introduced a pri-
ori information on the global degree-1 coe�cients from
Eanes (2000) into the eustatic sea-level variability model,
which in principle can be replaced by the newly derived
global degree-1 coe�cients as given in Fig. 3. We there-
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Fig. 3. Estimated global geocenter variation time series from GFZ RL05 [black] with global ocean mass variations estimated with Gauss
Filter for a �lter radius of 300 km, and provided by the GRACE TELLUS webpage (http://grace.jpl.nasa.gov/data/degree1/) for the CSR RL05
solutions [red].

fore repeat the calculations for the global model of eu-
static sea-level variability, re-do the degree-1 estimation
with Swenson’s method, and iterate �ve times. Decreas-
ing increments during those iterations indicate good con-
vergence of the method (Fig. 4). In addition to this refer-
ence calculation, we perform an experiment 1 by setting
the global degree-1 coe�cients to zero in the initial calcu-
lation of the eustatic sea-level variability model, perform
the degree-1 calculation based on this model, and perform
again �ve iterations. For another experiment 2, we start
with ocean degree-1 coe�cients set to zero in Swenson’s
method, use the derived �rst estimate of the global coe�-

cients as input for the eustatic sea-level model estimation,
and iterate again for 5 times. For all three cases (reference
as well as both experiments), increments decrease by ap-
proximately one order of magnitude per iteration, indicat-
ing that the initial assumption on the degree-1 terms intro-
duced does not have a notable e�ect.

The �nal estimate of eustatic sea-level variability com-
pares favorably with previously published results (Table
3). Amplitudes are slightly larger than early GRACE results
from Chambers (2004), which might be explained by the
fact that those early results have been obtained from the
very �rst GRACE release with substantially higher error
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Fig. 4. Increments in eustatic sea-level from the iterative determination of global degree-1 coe�cients and a globally homogeneous eustatic
sea-level variability model: starting from global degree-1 coe�cients given by Eanes (2000) (reference, left column), starting from zero
global degree-1 coe�cients (experiment 1, middle), starting from zero eustatic sea-level anomaly (experiment 2, right). The bottom �gure
shows the di�erence of the time series after 5 iterations for reference minus experiment 1 [solid line] and reference minus experiment 2
[dashed line].

levels and therefore smoothing requirements. More recent
calculations as published by Wouters et al. (2011) corre-
spond quite closely to our results. Removing the seasonal
cycle from the eustatic sea-level curve discloses for exam-
ple the drop in sea-level in 2011 (Fig. 5), that has been re-
lated to record-high precipitation rates in Australia caused
by La Nina teleconnections in the Central Paci�c region
(Fasullo et al., 2013).

The obtained GSM-like degree-1 coe�cients are �nally
compared to independent results from a joint inversion
(Rietbroek et al., 2012) (Fig. 6a). In general, we note higher
short-term variability in the joint inversion, which is cer-
tainly due to the shorter time-sampling of only seven days

compared to the 30 day averages considered in this paper.
It is however, interesting to note that the joint inversion
apparently follows the AOD1B RL05 degree-1 coe�cients
quite closely (gray line in Fig. 6a), even though the product
is stated to be GSM-like. For the full geocenter solutions,
that are obtained in our case by adding the GSM-like solu-
tions to AOD1B RL05 averages as provided with the GRACE
gravity �eld by means of GAC products, this phase-shift
between the two solutions is no longer visible. Here, geo-
center motion as approximated by themethod of Swenson
corresponds well to the joint inversion, whereas a solution
solely based on SLR observations deviates much stronger
in particular in the ∆C10 and ∆C11 components.
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Table 2. Annual amplitude and phase of global ocean mass variations determined from GRACE GFZ RL05 with a) Gauss Filter and b)
Lagrange-Multiplier-Method for di�erent �lter radii.

Amplitude [mm] Phase [days]

a) Gauss Filter
r = 0km 10.33±2.28 257
r = 100km 10.03±0.80 257
r = 200km 9.69±0.18 255
r = 300km 9.53±0.12 255
r = 400km 9.45±0.11 254
r = 500km 9.37±0.10 254
b) Lagrange-Multiplier-Method

r = 0km 10.37±2.30 257
r = 100km 10.25±1.11 257
r = 200km 9.77±0.24 255
r = 300km 9.57±0.13 255
r = 400km 9.41±0.11 254
r = 500km 9.26±0.10 254

Table 3. Annual amplitude and phase of global ocean mass variations.

Amplitude [mm] Phase [days]

a) �nal results after 5 iterations
this study 9.78±0.54 278
b) other studies

Chambers (2004) 8.40±1.1 266
Rietbroek et al. (2009) 8.70 247
Siegismund et al. (2011) 8.10 252
Wouters et al. (2011) 9.40 280
Hughes et al. (2012) 8.12 266

Table 4. Annual amplitude and phase of �nally estimated GSM-like and full (GSM+GAC) geocenter variations.

∆C10 ∆C11 ∆S11
[mm] [days] [mm] [days] [mm] [days]

a) GSM-like coe�cients
this study 2.04±0.18 88 1.39±0.19 105 1.54±0.34 −84
Rietbroek et al. (2012)* 3.01±0.37 20 1.94±0.14 63 3.47±0.11 −39
b) full geocenter coe�cients

this study 2.15±0.42 63 1.93±0.31 59 2.52±0.34 −45
Cheng et al. (2010)* 4.37±1.78 39 4.17±0.90 30 2.62±1.29 −39
Rietbroek et al. (2012)* 3.09±0.39 20 1.99±0.16 63 3.56±0.11 −38
* The mean, trend and annual signal component has been �tted to the time series of Cheng
et al. (2010) and Rietbroek et al. (2012) and the formal errors of the �ts have been estimated.
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Fig. 5. Final estimated global ocean mass variations after 5 iterations [gray], and global ocean mass variations after 5 iterations with the
annual cycle removed [black].
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Fig. 6. Left: GSM-like geocenter variations from GRACE with global ocean mass variations with Gauss Filter (300km, 5 iterations) [black],
results from joint-inversion by Rietbroek et al. (2012) [green] and degree-1 terms of the RL05-GAC product [gray]. Right: full geocenter time
series (RL05 GSM + GAC) from GRACE with global ocean mass variations estimated with Gauss Filter (300 km, 5 iterations) [black], geocen-
ter variations from Satellite Laser Ranging measurements from Cheng et al. (2010) [orange] and results from joint-inversion by Rietbroek
et al. (2012) [green].

6 Summary and Conclusions
Amethodology to approximate geocenter motion that was
originally proposed by Swenson et al. (2008) essentially

requires (i) a truncated series of global Stokes coe�cients
of degree two and higher, and (ii) degree-1 terms of the
ocean bottom pressure variability. Since atmosphere and
ocean dynamics are routinely removed from the GRACE
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gravity �elds, global degree-1 terms consistent with the
GRACE GSM �elds should contain over the oceans only
contributions fromeustatic sea-level variability. By assum-
ing that the eustatic sea-level change is globally homo-
geneous, such a model might be obtained from a trun-
cated series of global Stokes coe�cients of degree two
and higher. Under those assumptions it is therefore possi-
ble to approximate GSM-like geocenter motion solely from
GRACE monthly mean gravity �elds.

Our implementation of the methodology of Swenson
et al. (2008) has been thoroughly tested: experiments with
a 12 year-longmodel series indicate that errors in the atmo-
spheric part of the AOD1B that might potentially leak into
the GSM �elds can be safely neglected. Errors in the ocean
component are potentially more severe, and a�ect in par-
ticular the ∆C11 component. Moreover, we note a sensitiv-
ity of the method to uncertainties in the eustatic sea-level
model in particular for the ∆C10 and ∆C11 components.
Initial assumptions on global degree-1 terms, however, are
not important, since convergence is always reached after
less than �ve iterations in every single test case consid-
ered.

The geocenter motion estimates from GRACE compare
well to both GSM-like coe�cients from a joint inversion
and - after adding back the corresponding GAC �eld of
monthly mean atmosphere and ocean mass variability re-
moved during the gravity �eld processing by means of
the AOD1B backgroundmodel - to full geocenter estimates
based on SLR. It is interesting to note that correspondence
with SLR is generally best for ∆S11, the component that is
less susceptible to errors in the eustatic sea-level model
as shown in section 3. Also, the close correspondence of
the GSM-like results of the joint inversion with the AOD1B-
only geocenter estimates, especially in seasonal frequen-
cies, might be worth to be analyzed in more detail in the
future.

For regional oceanographic and hydrologic applica-
tions of GRACE satellite gravimetry �elds, however, the
generally good correspondence of the approximated geo-
centermotion estimates fromGRACEwith independent so-
lutions let us conclude that this data-set is well suited to
be used where otherwise an important part of the signals
would bemissed out. Since all information required for the
algorithm is available from theGRACE archives, thiswould
allow for another step towards a near real-timemonitoring
of mass distribution and transport in the Earth system by
means of satellite gravimetry.

Acknowledgement: This study has been supported by
the German Federal Ministry of Education and Research

(BMBF) within the FONA research program under grants
03F0654A and 01LP1151A.

References
Blewitt G., Lavallee D., Clarke P. and Nurutdinov K. (2001), A new

global mode of Earth deformation: Seasonal cycle detected, Sci-
ence, 294, 5550, 2342–2345, 10.1126/science.1065328.

Chambers D. P. and Willis J. K. (2009), Low-frequency exchange
of mass between ocean basins (2009), J. Geophys. Res., 114,
C11008, 10.1029/2009JC005518.

Chambers D. P. (2004), Preliminary observations of global ocean
mass variations with GRACE, Geophys. Res. Lett., 31, 13, L13310,
10.1029/2004GL020461.

Chen J.L., Rodell M., Wilson C.R. and Famiglietti J.S. (2005), Low de-
gree spherical harmonic influences on Gravity Recovery and Cli-
mate Experiment (GRACE) water storage estimates, Geophys.
Res. Lett., 32, L14405, 10.1029/2005GL022964.

Chen J., Wilson C., Eanes R. and Nerem R. (1999), Geophysical in-
terpretation of observed geocenter variations, J. Geophys. Res.,
104, B2, 2683–2690, 10.1029/1998JB900019.

Cheng M., Tapley B. and Ries J. (2010), Geocenter Variations from
Analysis of SLR data, IAG Commission 1 Symposium (2010),
Reference Frames for Application in Geosciences (REFAG2010),
Marne-La-Vallee, France.

Cretaux J., Soudarin L., Davidson F., Gennero M., Berge-Nguyen
M. and Cazenave A. (2002), Seasonal and interannual geo-
center motion from SLR and DORIS measurements: Compar-
ison with surface loading data, J. Geophys. Res., 107, B12,
10.1029/2002JB001820.

Dahle C., Flechtner F., Gruber C., König R., Michalak G. and
Neumayer K.-H. (2012), GFZ GRACE Level-2 Processing Stan-
dards Document for Level-2-Product Release 0005, Tech. rep.,
10.2312/GFZ.b103-12-20.

Davis J., Elosequi P., Mitrovica J. and Tamisiea M. (2004), Climate-
driven deformation of the solid Earth from GRACE and GPS, Geo-
phys. Res. Lett., 31, 24, 10.1029/2004GL021435.

DeeD. P., Uppala S.M., SimmonsA. J., Berrisford P., Poli P., Kobayashi
S., Andrae U., Balmaseda M. A., Balsamo G., Bauer P., Bechtold
P., Beljaars A. C. M., van de Berg L., Bidlot J., Bormann N., Del-
sol C., Dragani R., Fuentes M., Geer A. J., Haimberger L., Healy
S. B., Hersbach H., Holm E. V., Isaksen L., Kallberg P., Koehler
M., Matricardi M., McNally A. P., Monge-Sanz B. M., Morcrette
J. -J., Park B. -K., Peubey C., de Rosnay P., Tavolato C., Thepaut
J. -N. and Vitart F. (2011), The ERA-Interim reanalysis: con�gura-
tion and performance of the data assimilation system, Q. J. Roy.
Meteor. Soc., 137, 656A, 553-597, 10.1002/qj.828.

Dill R. and Dobslaw H. (2013), Numerical simulations of global-scale
high-resolution hydrological crustal deformations, J. Geophys.
Res., 118, 9, 5008-5017, 10.1002/jgrb.50353.

Dobslaw H. and Thomas M. (2007), Impact of river run-o� on
global ocean mass redistribution, Geophys. J. Int., 168, 2,
10.1111/j.1365-246X.2006.03247.x.

Dobslaw H., Flechtner F., Bergmann-Wolf I., Dahle C., Dill R., Es-
selborn S., Sasgen I. and Thomas M. (2013), Simulating high-
frequency atmosphere-ocean mass variability for dealiasing of
satellite gravity observations: AOD1B RL05, J. Geophys. Res.,

http://dx.doi.org/{10.1126/science.1065328}
http://dx.doi.org/10.1029/2009JC005518
http://dx.doi.org/10.1029/2004GL020461
http://dx.doi.org/10.1029/2005GL022964
http://dx.doi.org/{10.1029/1998JB900019}
http://dx.doi.org/{10.1029/2002JB001820}
http://dx.doi.org/10.2312/GFZ.b103-12-20
http://dx.doi.org/{10.1029/2004GL021435}
http://dx.doi.org/{10.1002/qj.828}
http://dx.doi.org/{10.1002/jgrb.50353}
http://dx.doi.org/{10.1111/j.1365-246X.2006.03247.x}


48 | Inga Bergmann-Wolf, Liangjing Zhang, and Henryk Dobslaw

10.1002/jgrc.20271.
Eanes R. (2000), SLR solutions from the University of Texas Center for

Space Research, Geocenter from TOPEXSLR/DORIS, 1992-2000,
http://sbgg.jpl.nasa.gov/dataset.html, IERSSpec. Bur. for Grav-
ity/Geocent., Pasadena, Calif.

Ettema J., van den Broeke M. R., van Meijgaard E., van de Berg W.
J., Bamber J. L., Box J. E. and Bales R. C. (2009), Higher sur-
face mass balance of the Greenland ice sheet revealed by high-
resolution climate modeling, Geophys. Res. Lett., 36, L12501,
10.1029/2009GL038110.

Fasullo J. T., Boening C., Landerer F. W. and Nerem R. S. (2013), Aus-
tralia’s unique influence on global sea level in 2010-2011, Geo-
phys. Res. Lett., 40, 16, 4368-4373, 10.1002/grl.50834.

Flechtner F. and Dobslaw H. (2013), AOD1B Product Description Doc-
ument for Product Release 05, Tech. rep..

Fritsche M., Dietrich R., Ruelke A., Rothacher M. and Steigenberger
P. (2010), Low-degree earth deformation from reprocessed GPS
observations, GPS Solut., 14, 2, 165–175, 10.1007/s10291-009-
0130-7.

Gruber Th., Bamber J. L., Bierkens M. F. P., Dobslaw H., Murböck M.,
ThomasM., vanBeek L. P. H., vanDamT., Vermeersen L. L. A. and
Visser P. N. A. M. (2011), Simulation of the time-variable grav-
ity �eld by means of coupled geophysical models, Earth System
Science Data, 3, 1, 19–35,10.5194/essd-3-19-2011.

Hughes, C. W., Tamisea, M. E., Bingham, R. J. and Williams, J. (2012),
Weighing theocean:Usinga singlemooring tomeasure changes
in the mass of the ocean, Geophys. Res. Lett., 39, 7, L17602,
10.1029/2012GL052935.

Jansen M. J. F., Gunter B. C. and Kusche J. (2009), The impact
of GRACE, GPS and OBP data on estimates of global mass
redistribution, Geophys. J. Int., 177, 1, 1–13, 10.1111/j.1365-
246X.2008.04031.x.

Klees R., Zapreeva E. H.,WinsemiusH. C. andSavenijeH. H.G. (2007),
The bias in GRACE estimates of continental water storage varia-
tions, Hydrol. Earth Syst. Sci., 11, 4, 1227-1241, 10.5194/hessd-
3-3557-2006.

Kuhlmann J., Dobslaw H. and Thomas M. (2011), Improved modeling
of sea level patterns by incorporating self-attraction and load-
ing, J. Geophys. Res., 116, C11036,10.1029/2011JC007399.

Kusche J. (2007), Approximate decorrelation and non-isotropic
smoothing of time-variable GRACE-type gravity �eld models, J.
Geod., 81, 11, 733-749, 10.1007/s00190-007-0143-3.

Lavallée D., van Dam T., Blewitt G. and Clarke P. (2006), Geocen-
ter motions from GPS: A uni�ed observation model, J. Geophys.
Res., 111, B5, 10.1029/2005JB003784.

Lorbacher K., Marsland S. J., Church J. A., Gri�es S. M. and Stammer
D. (2012), Rapid barotropic sea level rise from ice sheet melting,
J. Geophys. Res., 117, C06003, 10.1029/2011JC007733.

Paulson A., ZhongS. andWahr J. (2007), Inference ofmantle viscosity
from GRACE and relative sea level data, Geophys. J. Int., 171, 2,
497–508, 10.1111/j.1365-246X.2007.03556.x.

Petit G., and Luzum B. (2010), IERS Convention (2010), IERS Tech-
nical Note 36, Verlag des Bundesamtes für Kartographie und
Geodäsie, Frankfurt am Main.

Rietbroek, R., Brunnabend, S.-E., Dahle, C., Kusche, J., Flechtner,
F., Schröter, J. and Timmermann, R. (2009), Changes in to-
tal ocean mass derived from GRACE, GPS, and ocean model-
ing with weekly resolution, J. Geophys. Res., 114, C11, C11004,
10.1029/2009JC005449.

Rietbroek R., Fritsche M., Brunnabend S.-E., Daras I., Kusche
J., Schröter J., Flechtner F. and Dietrich R. (2012), Global
surface mass from a new combination of GRACE, modelled
OBP and reprocessed GPS data, J. Geodyn., 59-60, 64–71,
10.1016/j.jog.2011.02.003.

Siegismund F., Romanova V., Köhl A. and Stammer D. (2011), Ocean
bottom pressure variations estimated from gravity, nonsteric
sea surface height andhydrodynamicmodel simulations, J. Geo-
phys. Res., 116, C7, C07021, 10.1029/2010JC006727.

Swenson S. and Wahr J. (2002), Methods for inferring regional
surface-mass anomalies from Gravity Recovery and Climate Ex-
periment (GRACE)measurements of time-variable gravity, J. Geo-
phys. Res., 107, B9, 2193, 10.1029/2001JB000576.

Swenson, S., Chambers, D. andWahr, J. (2008), Estimating geocenter
variations from a combination of GRACE and ocean model out-
put, J. Geophys. Res., 113, B8, B08410, 10.1029/2007JB005338.

Tamisiea, Mark E. (2011), Ongoing glacial isostatic contributions to
observations of sea level change, Geophys. J. Int., 186, 3, 1036-
1044, 10.1111/j.1365-246X.2011.05116.x.

Wahr J., Molenaar M. and Bryan F. (1998), Time variability of the
Earth’s gravity �eld: Hydrological and oceanic e�ects and their
possible detection using GRACE, J. Geophys. Res., 103, B12,
30205–30229, 10.1029/98JB02844.

Wouters B., Riva R. E. M., Lavallee D. A. and Bamber J. L. (2011),
Seasonal variations in sea level induced by continental water
mass: First results fromGRACE, Geophys. Res. Lett., 38, L03303,
10.1029/2010GL046128.

Zenner L., Fagiolini E., Daras I., Flechtner F., Gruber T., Schmidt T.
and Schwarz G. (2012), Non-tidal atmospheric and oceanicmass
variations and their impact on GRACE data analysis, J. Geodyn.,
59, SI, 9–15, 10.1016/j.jog.2012.01.010.

Received September 25, 2013 ; accepted March 18, 2013.

http://dx.doi.org/{10.1002/jgrc.20271}
http://dx.doi.org/10.1029/2009GL038110
http://dx.doi.org/10.1002/grl.50834
http://dx.doi.org/{10.1007/s10291-009-0130-7}
http://dx.doi.org/{10.1007/s10291-009-0130-7}
http://dx.doi.org/10.5194/essd-3-19-2011
http://dx.doi.org/10.1029/2012GL052935
http://dx.doi.org/{10.1111/j.1365-246X.2008.04031.x}
http://dx.doi.org/{10.1111/j.1365-246X.2008.04031.x}
http://dx.doi.org/{10.5194/hessd-3-3557-2006}
http://dx.doi.org/{10.5194/hessd-3-3557-2006}
http://dx.doi.org/{10.1029/2011JC007399}
http://dx.doi.org/{10.1007/s00190-007-0143-3}
http://dx.doi.org/{10.1029/2005JB003784}
http://dx.doi.org/10.1029/2011JC007733
http://dx.doi.org/10.1111/j.1365-246X.2007.03556.x
http://dx.doi.org/10.1029/2009JC005449
http://dx.doi.org/10.1016/j.jog.2011.02.003
http://dx.doi.org/10.1029/2010JC006727
http://dx.doi.org/{10.1029/2001JB000576}
http://dx.doi.org/10.1029/2007JB005338
http://dx.doi.org/{10.1111/j.1365-246X.2011.05116.x}
http://dx.doi.org/10.1029/98JB02844
http://dx.doi.org/10.1029/2010GL046128
http://dx.doi.org/10.1016/j.jog.2012.01.010

