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Abstract Gravitational potential data from GRACE are being used to study mass redistribution within
and between the atmosphere, hydrosphere, cryosphere, and solid Earth. The GRACE data are made
available in a reference frame with its origin at the center of mass of the Earth system (geocenter) while
many other geophysical models and data sets refer to a reference frame attached to the Earth's surface.
Changes in the offset between these reference frames (geocenter motion) must be accounted for when
GRACE data are used to quantify surface mass changes. In this study, we developed a technique for
co‐estimation of geocenter motion and gravitational potential field seamlessly from degree 1 to 90 by
simultaneously inverting a set of globally‐distributed GPS displacement time series and the
temporally‐varying GRACE gravity data. We found that the effect of geocenter motion was evident
particularly in the GPS time series of horizontal displacements. Our estimates of geocenter motion are most
consistent with the Satellite Laser Ranging (SLR) results within 1 mm in X and Z components and a
submillimeter in Y component, when compared to monthly variability averaged over the period of
2003–2016. The overall magnitude of the degree‐1 (l = 1) surface mass load is estimated to be ~3 cm in
equivalent water height annually migrating south‐westward from Europe (December–January) to the South
Pacific (June–July). Our results also show that dense GPS network data improve water storage recovery in
major river basins in the United States and Europe by contributing significantly to the recovery of
higher‐degree (l ≥ ~20) geopotential coefficients.

1. Introduction

Global geopotential fields have been measured by Gravity Recovery And Climate Experiment (GRACE)
approximately monthly between August 2002 and June 2017 and by the GRACE Follow‐On satellite mission
starting June 2018 (Tapley et al., 2004; Webb et al., 2018). They are used to infer surface mass redistribution
of water, air, snow, and ice after removing the effect of solid Earth's load deformation from the observed
geopotential fields (Tapley et al., 2019; Wahr et al., 1998). Such geopotential measurements (Level‐2 data
products) are derived primarily from inter‐satellite tracking data between two GRACE satellites orbiting
around the instantaneous center of mass (CM) of the Earth system (Bettadpur, 2012). The origin of the refer-
ence frame used for monthly GRACE geopotential measurements is a quasi‐instantaneous (monthly) CM,
defined by setting the degree‐1 geopotential (Stokes) coefficients to be zero. This introduces a difficulty in
the application of GRACE data to study surface mass redistribution because other geophysical data and
models are made available in a reference frame tied to the shape of the Earth's surface or its center of figure
(CF) (not mass).

Over the last several decades, accurate surface deformation measurements have been made utilizing the
Global Positioning System (GPS). More recently, lower‐cost GPS ground receiver hardware and improve-
ments in global communication infrastructure have led to an explosion in the availability of continuous glo-
bal observations. Continuous daily GPS observations from thousands of stations are currently routinely
collected and processed using highly efficient Precise Point Positioning (PPP) methods (Blewitt et al.,
2018). Theses temporally dense, and increasingly spatially dense, daily global time‐series capture the com-
plete three‐dimensional (3D) deformation of the Earth's surface reflecting, among other geophysical pro-
cesses, the solid (elastic) Earth's response under surface mass loading (Farrell, 1972). Independently from
GRACE, GPS displacement data in previous studies have been used to recover surface mass changes globally
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(e.g., Blewitt & Clarke, 2003; Kusche & Schrama, 2005) and regionally (e.g., Argus et al., 2017; Borsa et al.,
2014; Fu et al., 2015; Han & Razeghi, 2017). The GPS geocentric position vectors are usually referenced to
International Terrestrial Reference Frame (ITRF) which has its origin coincident with the long‐term mean
CM (Altamimi et al., 2016). Therefore, the surface mass changes determined from GPS displacements and
GRACE geopotential fields use a potentially inconsistent reference frame.

The relative motions of CM with respect to ITRF origin (i.e., geocenter motion) are found by computing the
first moment of global mass distribution and are thus directly related to the degree‐1 coefficients of geopo-
tential and/or surface mass load defined in ITRF (Jekeli, 2015). They can be determined by different techni-
ques; a comprehensive review on geocenter motion is available by Wu et al. (2012) and numerous papers
cited therein. Here, we only name three distinct studies of direct relevance to this paper, including the
solutions obtained by the analysis of satellite laser ranging (SLR) data from multiple geodetic satellites
(Cheng et al., 2013), the determination of degree‐1 load mass from GRACE data and ocean bottom pressure
(OBP) model outputs (Swenson et al., 2008), and the global inversion of GPS, GRACE, and OBP data
(Wu et al., 2010). These solutions of degree‐1 components can be added to GRACE's higher‐degree estimates
of surface mass changes.

Extending the “degree‐1 deformation” approach after Blewitt et al. (2001) and Lavallée et al. (2006), Han
(2016) found coherent deformation of the entire Australian continent after removing the higher‐degree
deformation using GRACE from GPS measurements; the continent concurrently and seasonally shifts back
and forth in a northwest‐southeast axis by a couple of mm. Indeed, such degree‐1 load deformation is the
second largest horizontal displacement after the tectonic plate motion (~7 cm/year) in Australia. This study
also showed that it is possible to estimate the seasonal geocenter motion and the degree‐1 coefficients of sur-
face mass from continental‐scale movement. The work of Chanard et al. (2018) also determined the esti-
mates of degree‐1 coefficients from GRACE and global GPS data, and demonstrated improved comparison
of the computed displacements from their degree‐1 solutions with GPS measurements (particularly the
horizontal components).

In this study, we develop a methodology to invert global GPS position time series and GRACE geopotential
measurements simultaneously to determine the geopotential fields seamlessly from degree 1 to 90 solutions.
These geopotential fields can be readily used to infer global surface mass changes in a reference frame
(like ITRF) compatible with other geophysical data and models. We also show that our new geopotential
solutions are improved significantly in regions with the most dense GPS network coverage. We describe
in detail how we combine the two distinct data sets propagating their respective statistical information.
The joint geopotential solutions are assessed for degree‐1 coefficients only and higher‐degree components
by comparing with other solutions of geocenter motion and evaluating basin average water storage changes.
Finally, we highlight the importance of geocenter motion in computation of terrestrial water storage
changes in arid and semi‐arid regions.

2. Method

In this section, we develop a joint analysis of GPS and GRACE data based on an elastic loading model
(Farrell, 1972), assuming that the GPS surface deformation and GRACE geoid change are the result of the
elastic Earth deformation caused by surficial mass load. However, as pointed out by Chao (2016), there
are contributions by non‐surficial processes to GRACE time‐variable gravity measurements such as tidal
forces, glacial isostatic adjustment (GIA), earthquakes, and plate tectonic processes which effect surface
deformation and geopotential fields. In particular, Chambers et al. (2010) demonstrated the importance of
the GIA correction and model uncertainty in evaluating ocean mass from GRACE. Section 3 describes
how we accounted for such non‐surficial effects in GPS and GRACE data sets before we combine them into
solutions of global surface mass changes.

2.1. Observation Equations of Surface Displacement and Geopotential Changes

We consider a mass load σ(θ, λ, t) imposed on the Earth's surface (θ, λ) at time t, for example, mass redistri-
bution caused by the atmosphere, ocean, and terrestrial water storage. It is represented in terms of equiva-
lent water height and is expanded using a series of surface spherical harmonic functions:
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σ θ; λ; tð Þ ¼ a∑
∞

l¼1
∑
l

m¼0
Cσ
lm tf gcosmλþ Sσlm tf gsinmλ

� �
Plm cosθð Þ; (1)

where Cσ
lm tð Þ and Sσlm tð Þ are the (dimensionless) coefficients of the load at degree l and orderm, and a is the

mean radius of the spherical Earth. Plm is the associated Legendre function following normalization after
Heiskanen and Moritz (1967). Conservation of global mass constrains the degree zero coefficient to be zero
(i.e., C00 = 0).

The elastic Earth immediately responds to the surface load such that the Earth's surface deforms by e(θ, λ, t),
n(θ, λ, t) and u(θ, λ, t) in east, north, and up components, respectively, and the geoidal (physical) surface
changes due to attraction by the load and the underlying solid Earth deformation by g(θ, λ, t). Expressing
the deformation and the geoidal surface change in terms of spherical harmonic series, we have

e θ; λ; tð Þ ¼ a∑
∞

l¼1

l′l
1þ k′l

∑
l

m¼0
m −Clm tð Þsinmλþ Slm tð Þcosmλ
� �Plm cosθð Þ

sinθ
; (2)

n θ; λ; tð Þ ¼ a∑
∞

l¼1

l′l
1þ k′l

∑
l

m¼0
−Clm tð Þcosmλ−Slm tð Þsinmλ

� � ∂Plm cosθð Þ
∂θ

; (3)

u θ; λ; tð Þ ¼ a∑
∞

l¼1

h′l
1þ k′l

∑
l

m¼0
Clm tð Þcosmλþ Slm tð Þsinmλ

� �
Plm cosθð Þ; (4)

g θ; λ; tð Þ ¼ a∑
∞

l¼1
∑
l

m¼0
Clm tð Þcosmλþ Slm tð Þsinmλ

� �
Plm cosθð Þ; (5)

whereh′l, l
′

l, andk
′

l are the load Love numbers of vertical, horizontal displacement, and gravitational potential,
respectively. The coefficients Clm tð Þ and Slm tð Þ in the brackets are (dimensionless) coefficients of the
geopotential changes (Farrell, 1972). They are related to the surface mass load coefficients throughClm tð Þ ¼
3ρw
ρe

1þ k′l
2lþ 1

Cσ
lm tð Þ and Slm tð Þ ¼ 3ρw

ρe

1þ k′l
2lþ 1

Sσlm tð Þ with the density of surface mass load (in terms of water),

ρw = 1,000 kg/m3, and the average density of the elastic Earth, ρe = 5,517 kg/m3. The factor 1þ k′l accounts
for the direct effect of surface mass and the indirect effect caused by elastic adjustment of the Earth to the
surface mass (Wahr et al., 1998).

The degree‐1 geopotential coefficients are related to the first moment of mass distribution within the Earth
(Jekeli, 2015). In this study, we assume themass redistribution σ(θ, λ, t) only on the Earth's surface. The coor-
dinates of the center of mass redistribution can be found by computing global integration of σ(θ, λ, t) multi-
plied by its location over the Earth's sphere as follows:

XCM tð Þ ¼ ffiffiffi
3

p
aC1;1 tð Þ; (6a)

YCM tð Þ ¼ ffiffiffi
3

p
aS1;1 tð Þ; (6b)

ZCM tð Þ ¼ ffiffiffi
3

p
aC1;0 tð Þ; (6c)

where XCM(t), YCM(t), and ZCM(t) are the time‐variable Cartesian coordinates indicating the instantaneous
center of mass (CM) with respect to the origin of the reference frame used to define σ(θ, λ, t) in equation (1).

The GRACE satellites, like all others, are orbiting around the CM of the Earth system, which renders the
GRACE inter‐satellite tracking data insensitive to the degree‐1 geopotential coefficients (or geocenter

motion) in equation (6). The GRACE data include monthly time series of coefficients Clm tð Þ and Slm tð Þ only
for l≥ 2 andm≥ 0 in equation (5). In contrast, GPS displacement data, when signals not associated with elas-

tic load deformation (like tectonicmotion) are removed, may infer allClm tð ÞandSlm tð Þ including the degree‐1
coefficients that pinpoint the locations of CM from the origin of a reference frame of the GPS data used.

In the following equations, we define the degree‐1 displacement as the elastic deformation contributed only
by the degree‐1 geopotential coefficients (or the degree‐1 surface mass load):
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e1 θ; λ; tð Þ ¼ a

ffiffiffi
3

p
l′1

1þ k′1
−C1;1 tð Þsinλþ S1;1 tð Þcosλ� �

; (7)

n1 θ; λ; tð Þ ¼ a

ffiffiffi
3

p
l′1

1þ k′1
C1;0 tð Þsinθ−C1;1 tð Þcosθcosλ−S1;1 tð Þcosθsinλ� �

; (8)

u1 θ; λ; tð Þ ¼ a

ffiffiffi
3

p
h′1

1þ k′1
C1;0 tð Þcosθþ C1;1 tð Þsinθcosλþ S1;1 tð Þsinθsinλ� �

: (9)

Han (2016) used GRACE data to compute the load displacements for l ≥ 2 and subtracted them from GPS
data to compute the degree‐1 displacement using the Australian GPS data. Such degree‐1 displacement data
(GPS minus GRACE) were further analyzed to determine the degree‐1 geopotential coefficients or CM (7)–
(9).

In this study, we rigorously combine GPS 3D deformation and GRACE geoid change data to determine all
geopotential coefficients from degree 1, considering variance‐covariance matrices of two different data sets.
The result is a simultaneous solution of independent geocenter motion and gravity field change potentially
improved by dense GPS network data. The final gravity field solutions are provided in the reference frame
(ITRF) consistent with GPS data and more readily available for comparison with other geophysical models
and data.

2.2. Linear Models of GPS and GRACE Data

Equations (2)–(4) for GPS observation can be written by separating the degree‐1 terms from others as follows:

y ¼ A1ξ1 þ A2ξ2 þ e; (10a)

E ef g ¼ 0;D ef g ¼ σ2P−1; (10b)

where y includes 3D GPS displacement data at each station, ξ1 includes the geopotential coefficients for l≥ 2
and ξ2 has only the coefficients of l = 1, and e is a vector of GPS observation error. The expectation E{e} and
dispersion D{e} of the GPS data error are described in equation (10b). The variance‐covariance matrix
(or weight matrix, P) is typically available at every station with GPS data from the analysis centers. The
matrices A1 and A2 are found from equations (2)–(4).

In this study, we use daily GPS position solutions and the variance‐covariance matrices processed by Jet
Propulsion Laboratory (JPL) (Heflin et al., 2018). They are available from nearly 3,000 continuously operat-
ing stations. The position solutions are referenced to International Terrestrial Reference Frame in 2008
(ITRF2008). Currently, the origin of ITRF2008 is defined to be the long‐termmean CM realized by averaging
Satellite Laser Ranging (SLR) solutions (Altamimi et al., 2016). This is different from the center of figure only
by a constant offset (i.e., no temporal change) (Wu et al., 2012). After averaging daily solutions to monthly
samples, the monthly mean displacement data sets and the corresponding variance‐covariance matrices
are used in equation (10), to be consistent with the GRACE data's temporal resolution.

The GRACE Level‐1B (L1B) data (e.g., satellite tracking, accelerometer, and star camera data) were reduced
to form the least‐squares normal equations for global geopotential fields. The GRACE Level‐2 (L2) solutions
include monthly mean geopotential coefficients for l ≥ 2 and their variance‐covariance matrix. The L2 data
products are available from April in 2002 to June 2017 with occasional data gaps. Such GRACE L2 data form
a set of stochastic constraint equations as follows:

z ¼ ξ1 þ e0; (11a)

E e0f g ¼ 0;D e0f g ¼ σ2P−1
0 ; (11b)

where z includes GRACE measurements of the geopotential coefficients from degree 2, ξ1, with the asso-
ciated error e0. The variance‐covariance matrices of the monthly GRACE L2 solutions are also available
from GRACE data processing centers.

We use the GRACE L2 data products processed by Institute of Theoretical Satellite Geodesy (ITSG) at
Technical University of Graz. ITSG L2 data are in the form of the least‐squares normal matrix Ng and the
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associated vector cg for monthly mean geopotential coefficients ξ1 (for l ≥ 2) after backsubstituting the arc‐
dependent parameters (e.g., accelerometer biases and initial states) and daily gravity parameters
(Mayer‐Gürr et al., 2016). Their L2 data are computed up to degree and order 90 and the high‐frequency
atmosphere and ocean mass changes were removed using Atmosphere and Ocean Dealiasing (AOD) models
(Dobslaw et al., 2013). Using these data sets, we found the GRACE measurement from z = Ng

−1cg with its
variance‐covariance matrix D{e0} = σ2Ng

−1 (and P0 = Ng) in equations (11a) and (11b).

2.3. A Combined Linear Model and the Least‐Squares Solution

Next, we solve for the observation equation (10) under the a priori stochastic constraint equation (11) to find
the combined solutions of the geopotential coefficients from GPS and GRACE data. We treat GRACE data
(in the CM reference frame) as the “partial” stochastic information of the geopotential field defined in the
reference frame consistent with GPS displacement data. It can be proven that the effect of the origin transla-
tion (within 1 cm) between the CM reference frame and ITRF on the higher‐degree geopotential coefficients
is negligible, for example, 8–9 orders of magnitude smaller for degree‐2 coefficients. This means that the
GRACE data in the CM reference frame can be considered as the higher‐degree (l ≥ 2) geopotential data
in ITRF. This problem of solving observation equations with partial stochastic constraints is often referred
to as least‐squares collocation according to Wolf (1977), or equivalently, an extended Gauss‐Markov model
with a priori information by Koch (1999).

Combining the observation equation (10) and the partial stochastic information equation (11), we have

y

z

" #
¼

A1 A2

I 0

" #
ξ1

ξ2

" #
þ

e

e0

" #
; (12a)

E
e

e0

" #( )
¼ 0;D

e

e0

" #( )
¼ σ2

P−1 0

0 P−1
0

" #
: (12b)

A combined normal equation is obtained as

AT
1PA1 þ P0 AT

1PA2

AT
2PA1 AT

2PA2

" # bξ1bξ2
24 35 ¼

AT
1PyþP0z

AT
2Py

" #
: (13)

The variance component of the combined solution is computed as

bσ2 ¼ eeTPee þ eeT
0P0ee0

n−mþ r
¼

yTP y−A1
bξ1−A2

bξ2� �
þ zTP0 z−bξ1� �

n−mþ r
; (14)

where n is the number of observations,m is the number of unknowns, and r is the number of constraints. By
putting z =Ng

−1cg and P0 =Ng from the GRACE L2 data products, we obtain the least‐squares solutions of

bξ1bξ2
24 35 ¼

AT
1PA1 þNg AT

1PA2

AT
2PA1 AT

2PA2

" #−1
AT

1Pyþcg

AT
2Py

" #
; (15)

and, its variance‐covariance matrix of

D
bξ1bξ2

24 358<:
9=; ¼ bσ2 AT

1PA1 þNg AT
1PA2

AT
2PA1 AT

2PA2

" #−1

; (16)

where

bσ2 ¼
Pyð ÞT y−A1

bξ1−A2
bξ2� �

þ cgT z−bξ1� �
n−mþ r

: (17)

Finally, we havebξ2 for the geocenter motion solution (geopotential coefficients for l = 1) andbξ1 for the geo-
potential fields (for l ≥ 2) improved by GPS data from the original GRACE solution z. Next, we assess these
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solutions with other independent estimates and discuss the effect of GPS data to GRACE solutions and the
importance of uncertainty in geocenter motion for water storage computation.

3. Results
3.1. GPS Site Selection and Pre‐processing

Daily solutions of 3D GPS positions and their covariance matrices from the Jet Propulsion Laboratory (JPL)
rp2011b product release were used in the analysis (Heflin et al., 2018). Solutions spanning the time period
from 2003 to 2016, which included 2,703 unique sites, were selected to overlap with the GRACE mission
L2 geopotential field products. The 3D position vectors in this solution are referenced to ITRF2008 (Heflin
et al., 2018). Displacements caused by solid Earth, pole tide, and ocean tide loading were removed following
International Earth Rotation and Reference System Service (IERS) Conventions 2010 (Petit & Luzum, 2010),
consistent with GRACE data processing for modeling the tidal effects. Prior to combination with the GPS
deformation fields, the GRACE L2 geopotential field solutions were corrected for signals not related to elas-
tic loading deformation including tidal deformation, GIA, earthquakes, and tectonic effects (Chao, 2016).

The JPL GPS solutions are provided with the estimates of “breaks” or offsets in the GPS time series, often
caused by instrumental changes as well as geophysical events like earthquakes. The amplitude of these posi-
tion offsets were statistically estimated along with timings of the breaks and provided as corrections to
rp2011b position solutions (Heflin et al., 2018). We applied these corrections to remove these identified off-
sets in the GPS time series. These corrections effectively eliminate the coseismic deformation from the GPS
data. We modeled monthly elastic and viscoelastic geoid changes after the 10 largest great earthquakes dur-
ing the period (an update from Han et al. (2013) and Han et al. (2019)) to remove undesired earthquake
effects from GRACE data. We also removed the viscoelastic deformation signals from the vertical GPS data
based on a GIA model by Caron et al. (2018) and the corresponding geoid change from GRACE data.

Furthermore, we eliminated linear trends from the east and north GPS time series components to compen-
sate for tectonic plate motion. Any horizontal elastic deformation associated with secular change in surface
mass loading, generally two orders of magnitude smaller than the plate motion, is also removed by this
detrending, which will essentially limit the application of GPS horizontal data to determine secular change
in geocenter motion. Finally, we computed weighted monthly mean displacements and their variance‐
covariance matrices from daily time series of displacements and variance‐covariance matrices. The mean
GPS position vectors and the GRACE gravity field averaged over the period of 2003 to 2016 were then
removed from each of the GPS and GRACE time series. Each data set refers to the monthly anomaly with
respect to the study period of 2003 to 2016.

Once the above pre‐processing is complete, we pre‐screened GPS sites to retain only the sites reflecting the
elastic response to surface mass. First, we computed the elastic deformation fromGRACE geoid changes and
SLR geocenter motion solutions at all GPS sites and, then, we omitted the sites presenting a negative corre-
lation between GPSmeasurements and the GRACE + SLR computed deformation. This pre‐screening based
on a simple correlation analysis effectively identifies the stations of which vertical deformation is positively
correlated with geoid changes (i.e., deformation not associated with elastic loading). This analysis identified
sites in the Central Valley, California with a dominantly poroelastic response and Long Valley caldera and
Yellowstone associated with volcanic activity. A thorough and comprehensive examination of the western
U.S. GPS sites regarding non‐elastic loading signals was conducted by Argus et al. (2017) based on local
geologic information.

Now, we assume that the remaining GPS displacements are predominantly caused by surface mass
loading due to hydrology, atmosphere, and non‐tidal ocean mass changes and that the major effect of the
non‐surficial processes such as GIA, earthquakes, and tectonics are eliminated from both the GPS and
GRACE solutions. To be consistent with GRACE data in terms of geophysical signal content, we additionally
removed the elastic deformation predicted from atmosphere and ocean mass loading based on the AOD data
products from the monthly mean GPS data.

Finally, we selected only GPS sites with time series longer than five years (between 2003 and 2016) and with
less than 50% data gaps. Sites showing excessive secular vertical motion (>4 mm/year) were also excluded as
these sites when investigated have often been found be undergoing deformation related to local sources
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inconsistent with regional deformation or are the result of defective equipment. After pre‐screening and
applying these selection criteria, we were left with a total of 1,651 sites out of a total of 2,703 originally
considered (a list of selected GPS site names and coordinates is provided in the supporting information).
Figures 1a and 1b, respectively, present the geographical locations of GPS stations used in this study with
the total number of available data at each station depicted by different colors and the histogram of cross
correlation of vertical deformation time series between GPS and GRACE. For example, nearly 1,100
stations exhibit correlation greater than 0.3 in the vertical time series.

3.2. GPS and GRACE Joint Inversion

The monthly averaged GPS displacement data were expanded in terms of a spherical harmonic series from
degree and order 1 to 90. The maximum degree 90 is commensurate with ITSG's GRACE normal equation
data sets. Analysis of global land surface models indicate the omission error (contribution beyond degree
90) is relatively small (less than 1% of total signal) excluding the cases of elastic response to locally intense
loads such as dams and lakes (Han, 2016). GPS normal equation matrices and vectors were accumulated
from the monthly averaged GPS time series selected according to the criteria discussed above. The full cov-
ariance information for the 3D displacements at each site and every epoch were incorporated, but no intra‐
station covariance between stations was considered. Since estimates of geocenter motion have previously
been found to be more sensitive to horizontal than vertical displacements (see Figure 9 of Han (2016) and
Figure 2 of Chanard et al. (2018)), we computed two sets of GPS normal equations, one set using only the
horizontal GPS displacements and the other set using the full 3D displacement vectors, and compared
the results.

To illustrate the relative contribution of the degree‐1 and higher degrees, we computed the elastic load dis-
placement using the geopotential coefficients from SLR degree‐1 and from GRACE for degrees from 2 to 40,
separately. The left panels of Figure 2 present the root‐mean‐square (RMS) variability of displacement from
degree‐1 only (SLR) relative to that from degrees 2–40 (GRACE). The right panels show an example displa-
cement time series computed from SLR and GRACE at ALIC (Alice Springs, central Australia). We observe
that, in many locations globally, the degree‐1 displacements are found to be as large as 70% of all other
degrees combined (l ≥ 2) in east displacement and even larger (>100%) in north displacement. For the ver-
tical component however, the degree‐1 contribution is mostly 20% or less at most locations except Europe,
New Zealand where the degree‐1 displacement can be up to ~50% of other degrees (we will discuss this in
detail later). This is the reason why the geocenter motion can be derived from horizontal displacement alone.

Figure 1. (a) Spatial locations of GPS sites used in this study; of the 2,703 sites available, 1,651 stations satisfied our criteria for use in the study. The color indicates
the number of years in the time series available from 2003 to 2016. (b) Histogram of the cross correlation of vertical deformation time series between GPS and
GRACE.
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We constructed the combined normal equations by adding monthly GRACE data (Ng and cg) to GPS normal
equations and inverted the combined normal matrix as shown in equation (15). The geopotential field solu-
tions for a total of 150 months were estimated every month from January 2003 to December 2016 (excluding
the months where no GRACE data were available). The variance‐covariance matrix of the solution was also
computed following equation (16) by propagating the original variance‐covariance matrices of GRACE and
GPS data. The variance components were estimated from equation (17) and they exhibited estimates within
the range of 1–3 for the entire period, confirming that the a priori weightings applied to GPS and GRACE
data were reasonable.

3.3. Solutions of Geocenter Motion (Degree‐1 Geopotential Coefficients)

We compared our monthly degree‐1 geopotential solutions determined from the joint inversion of GPS
and GRACE data with solutions obtained from (1) the analysis of tracking five SLR satellites (LAGEOS‐1

Figure 2. Left columns present the ratio of RMS variability of the degree‐1 (l = 1) displacement to that of other degrees (l ≥ 2) in east, north, and vertical displace-
ment, respectively, in top, middle, and bottom panels. The degree‐1 displacement was computed from SLR solutions and other degrees were fromGRACE solutions
of geopotential change. Right columns show an example time series from SLR degree‐1 and GRACE geopotential data evaluated at a GPS site, ALIC (Alice Spring,
Australia). There is an order of magnitude difference in computed displacement between horizontal and vertical components.
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and 2, Starlette, Stella, and Ajisai) (Cheng et al., 2013), (2) the global inverse approach using GRACE, GPS,
and ocean bottom pressure data sets, W10 (Wu et al., 2010), and (3) the analysis of ocean models and
GRACE data, S08 (Swenson et al., 2008). Figure 3 compares these time series of degree‐1 geopotential
including our GPS/GRACE solutions from horizontal GPS displacement data only and from 3D GPS
displacements, in terms of the CM coordinates following equation (6). Clearly, the geocenter motion is
already well recovered when only the horizontal GPS data are used (1.1–1.5‐mm RMS difference with
the solutions obtained using the 3D GPS data). This result substantiates the finding of others (Chanard
et al., 2018; Han, 2016) that the contribution of the vertical GPS displacement data to the degree‐1
solutions is secondary.

Figure 3. Geocenter motion (i.e., degree‐1 geopotential) solutions from five different methods including (1) a joint inversion of horizontal GPS data and GRACE
(GPS‐H/GRACE) and (2) of 3D GPS and GRACE data (GPS/GRACE), both from this study; (3) SLR data analysis; (4) global inverse approach (W10); and (5)
GRACE and oceanmodel analysis (S08) and its update considering SAL (S16). The monthly time series of X, Y, and Z components from each method are shown for
2003 to 2016 in left columns. The average monthly variations stacked over 2003–2016 are presented in right columns. All solutions are most consistent in Y
component, while GPS/GRACE solutions compare best with SLR observations in other components. GPS horizontal displacement is more critical to constrain
geocenter motion when combined with GRACE.
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The X component of geocenter motion shows an overall seasonal variation within ±5 mm (see the right
panels of Figure 3 showing a 13‐year average monthly change). The GPS/GRACE solutions more closely fol-
low the SLR solutions than the other solutions in X component. TheW10 and S08 solutions are in phase with
GPS/GRACE and SLR solutions but the amplitude of the X coordinates is 50% smaller. The GPS/GRACE
solutions show unusually large variations in X components relative to other solutions during 2011–2013.
According to a sensitivity analysis by Han (2016), the X component of geocenter motion is most effectively
constrained by east displacement fromU.S. stations (see Figure 9 of Han, 2016). Indeed, we found the major-
ity of the western and Central U.S. sites present larger seasonal change in east displacement during 2011–
2013 (see Figure 6 for an example of STLE).

The Y component of geocenter motion shows an overall seasonal variation within ±3 mm. All solutions are
most consistent in this component (yielding >90% correlation and <1 mm difference in seasonal change).
The Y component of geocenter motion is effectively constrained by north displacement of the U.S. stations
(see also Figure 6 showing that the north GPS displacement basically agrees with the geocenter motion).

The largest variability of geocenter motion is found in the Z component showing an overall seasonal change
within a range of −7 to +4 mm. Note that the seasonal anomaly is quite different from a simple sinusoid,
showing the intense negative change over four months (June to September) and a moderate positive change
for eight months. The Z components are constrained by north displacement of GPS sites in low‐ and middle‐
latitude regions and the by the vertical displacement in polar regions. It is also noted that east GPS displace-
ment are not sensitive to the Z component of geocenter motion (Figure 9 of Han (2016)). Considering the
spatial distribution of GPS stations used in this study, the Z components would have been constrained
mostly by north displacement in United States, Europe, and Japan. All GPS/GRACE, SLR, and W10 solu-
tions agree in amplitude, phase, and pattern of the seasonal change. However, the S08 solutions are smaller
by a factor of 2–3 and their seasonal patterns are quite different from other solutions, leading to the negative
anomalies spread over an extended period from June to December. Unlike other solutions based on geodetic
observations, the S08 solutions rely on the ocean model outputs that disregarded the effect of ocean's self‐
attraction and loading (SAL) (Clarke et al., 2005). The recent update to S08 by Sun et al. (2016) including
SAL (or passive ocean response), shown as S16, is not different from S08 except a slight increase in Z
component amplitude.

The power spectral density (PSD) of the geocenter motion time series is presented in Figure 4. The periods
corresponding to the annual cycle and its overtones and the GPS draconitic period (~351 days) (Griffiths &
Ray, 2013) and its overtones are illustrated with vertical colored lines. The GPS/GRACE solutions show
spurious power at periods of 250–340 days in the X component. In addition, the GPS/GRACE solutions also
contain power at multiple overtones of the GPS draconitic period while the other non‐GPS solutions in com-
parison do not. These spurious systematic draconitic signals are inherent at various levels in all GPS time‐
series; they originate as a result of mis‐modeling of solar radiation pressure effects on GPS orbits and are
not indicative of geophysical signals (Griffiths & Ray, 2013; Ray et al., 2008; Rodriguez‐Solano et al.,
2014). These draconitic errors may be regionally‐correlated if they originated from the orbit error and con-
taminate the degree‐1 geopotential estimation. Around the annual period, GPS/GRACE and SLR solutions
agree in amplitude whileW10 and S08 are 2 times smaller in the X component. All four solutions agree in the
Y component. Whereas, the S08 solution shows only about half of the amplitude of the other three solutions
in the Z component. Unlike other solutions, GPS/GRACE solutions exhibit spurious power at the draconitic
period and its overtones account for less than 20% of the total signal in amplitude.

In order to assess the impact of our degree‐1 solutions on the GPSmeasurements, we computed monthly dis-
placement time series using (1) GRACE geopotential coefficients (l ≥ 2) only, (2) GRACE + SLR degree‐1
coefficients, and (3) GRACE + our GPS/GRACE degree‐1 solutions, and compared with the monthly time
series of GPS observations. Figure 5 shows the cross correlation between the calculated displacements and
GPS data at all of the subsetted 1,651 stations. The histogram of the correlations is shown in top panels,
for the east, north, and vertical displacements. The median values of correlation between GPS and
GRACE time series (i.e., no degree‐1 coefficients) are 0.10, 0.27, and 0.44, for east, north, and vertical displa-
cement, respectively. Cross correlations increased to 0.20, 0.43, and 0.44 between GPS and GRACE + SLR
degree‐1, while replacing the degree‐1 components with our GPS/GRACE solutions, they become 0.62,
0.69, and 0.47. The correlations between GPS data and the computed displacement were significantly
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improved by adding the degree‐1 displacement to the GRACE‐inferred displacement, in other words, by
making the reference frame consistent between GRACE and GPS data, for east and north displacements.
However, there is little impact of the degree‐1 coefficients on vertical displacement. This confirms the
findings of Han (2016) and Chanard et al. (2018) that the effect of the degree‐1 surface mass load is larger
on horizontal displacement than vertical displacement.

The horizontal displacements computed using our GPS/GRACE solutions of degree‐1 agree significantly
better with the observed GPS time series than the time series derived using SLR degree‐1 (0.20 versus 0.62
for east and 0.43 versus 0.69 for north). The improvement is found most evident in the United States where

Figure 4. Different solutions of geocenter motion were compared in terms of amplitude spectral density ( mm=ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cycle=day

p
). The green vertical lines indicate the annual period (365.25 days) and its overtones while magenta lines

indicate the GPS draconitic period (351 days) and its overtone. Unlike other solutions, GPS/GRACE solutions exhibit
spurious power at the draconitic period and its overtones.
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there are correlations of 0.6 and greater for most stations and also in Europe. However, this does not
mean that our GPS/GRACE geocenter motion solutions are better than the SLR solutions. The better corre-
lations are rather expected since the GPS data were used in our solutions of geocenter motion. Any spatially‐
correlated error in the GPS data (such as the spurious signals at the draconitic period) is propagated into our
degree‐1 solutions leading to our solutions comparing better with GPS data.

An example GPS time series from STLE in the Central United States is shown in Figure 6. The GPS data were
compared with the predicted displacements using the degree‐1 coefficients from SLR and our GPS/GRACE
solutions and using other higher degrees (greater than and equal to 2) from GRACE + AOD model. The
measured horizontal GPS displacements are correlated with the computed displacements from the degree‐
1 (geocenter motion) coefficients, while the vertical displacements are correlated with the synthetic data
computed from higher‐degree GRACE + AOD coefficients. It demonstrates that the seasonal horizontal dis-
placement of the Earth's surface are largely driven by seasonal migration of the centroid (degree‐1) of global
surface mass including atmospheric, oceanic, and hydrological masses.

The spatial patterns of the degree‐1 displacements were computed at each of GPS stations. Figure 7 illus-
trates the seasonal 3D deformation caused by the degree‐1 load from SLR (top) and our GPS/GRACE solu-
tions (bottom). During December–January, both solutions found that the North American continent moves
northeast and subsides, Australia and New Zealand shift northwest and uplift, and Africa moves northward
by a couple of mm. The European sites subside collectively; however, their horizontal motion looks compli-
cated. Our GPS/GRACE solution predicts larger deformation than the SLR solution does, as expected from

Figure 5. Cross correlation between GPS measured displacement and the computed displacement from GRACE geopotential data (l ≥ 2) only, GRACE + SLR
degree‐1 coefficients, and GRACE + degree‐1 solution from this study. The effect of degree‐1 coefficients is larger in the horizontal displacement.
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Figure 3. During June–July (six months later), the opposite patterns of 3D deformation were observed from
both SLR and GPS/GRACE degree‐1 solutions.

The degree‐1 horizontal displacement is larger in the United States than in Europe, while its vertical defor-
mation is larger in Europe than in the United States. Because the degree‐1 horizontal signals are larger in the

Figure 6. Monthly time series of GPS (north, east, up) displacements for site STLE (black), degree‐1 (X, Y, Z) displace-
ments computed from SLR (blue) and from this study (red), and displacement computed from GRACE + AOD model
for higher degrees of l ≥ 2 (yellow). The GPS site STLE located in the Central United States. The horizontal GPS displa-
cement data are correlated in terms of amplitude and phase with the degree‐1 displacement while the vertical GPS data are
correlated with the higher‐degree components fromGRACE. This figure demonstrates howGPS horizontal displacements
in U.S. sites closely follow the displacement associated with geocenter motion (degree‐1 load migration).
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United States, the correlation between GPS measurements and the computed degree‐1 horizontal displace-
ments is higher in the United States than in Europe (as seen in Figure 5). The subsidence of Europe in the
beginning of year and the subsidence of New Zealand in the middle of year imply the overall trajectory of
the degree‐1 surface mass migration from Europe to South Pacific.

3.4. Solutions of Geopotential Field (Higher Degrees)

We evaluated the other set of geopotential coefficients at degrees higher than or equal to 2 from our joint
GPS/GRACE inversion (with 3D GPS data) and compared them with the GRACE only solutions to quantify
the effect of GPS data at higher degrees and orders. Unlike the geocenter motion solutions, the vertical GPS
data are important to constrain higher‐degree components. The degree variances were computed every
month for total 150 months and averaged over the entire period from 2003 to 2016. Figure 8 depicts the aver-
age of degree RMS (square root of degree variance) of the geopotential coefficients as a function of degree (2–
90). In general, when GPS data were incorporated, the variances of the geopotential solutions were reduced
for degrees greater than 30 where the noise exceeds the signals in a global average sense.

The effects of GPS data were examined for individual coefficients as well. First, we analyzed the monthly
time series of the coefficients using a deterministic model composed of parameters for annual and semi‐
annual sinusoids, linear and quadratic trends, and a mean offset. Then, we computed variance reduction
(R2, R‐squared) of each time series from GRACE‐only and GPS + GRACE joint inversion solutions. The
higher variance reduction implies that time series is more systematic (and less noisy) likely indicating
improved solutions. For each geopotential coefficient, the R2 of GRACE‐only solution was subtracted from
the R2 of GPS + GRACE solution and the result was normalized (divided) by the R2 of the GRACE‐only solu-
tion. A quotient (Q) greater than 0 indicates that the time series became more systematic by virtue of GPS
data, while the negative Qmeans that the time series becamemore random (noisier). A Q close to 0 indicates
no change.

Figure 7. (top panel) The degree‐1 displacement inferred from SLR solutions and (bottom panel) the GPS/GRACE displacement estimated in this study. The sea-
sonal deformation predicted in the beginning of the year and in the middle of year are presented. For example, the conterminous United States moves northeast
during December–January, while it moves southwest during June–July. Suchmotion identifies the centroid of positive surfacemass redistribution in Europe during
December–January and in the South Pacific during June–July (see Figure 12).
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The top panel of Figure 9 shows Q for each geopotential coefficient (the average of 150 monthly solutions). It
is seen that the coefficients at lower order (m ≤ ~16) were less affected by GPS data evidenced from Q ≈0
(green color in the figure), while the coefficients of higher order and degree became more systematic
(red color) with inclusion of GPS data; there are some coefficients showing negative Q (blue color).
However, most of the coefficients becamemore systematic after including GPS data. Such pattern of changes
at different degree and order is explained readily by the uncertainty of GRACE solutions shown in bottom
panel of Figure 9. The GRACE coefficients with larger uncertainty (higher‐order coefficients) were changed
more effectively by GPS data.

Figure 10 shows the time series of selected zonal coefficients from GRACE‐only and GPS + GRACE solu-
tions. It demonstrates that GPS data help to correct the noisy GRACE‐only solutions at the lowest degree
(l= 2) and higher degrees (l≥ 19), particularly during the months when GRACE satellites were in deep reso-
nance yielding undesired repeat orbits.

The GRACE geopotential data have been used widely to quantify the basin‐average water storage changes.
We compared the results from GRACE‐only and GPS + GRACE solutions for the Mississippi and Colorado
River basins in the United States and the Danube river basin in Europe, where dense networks of GPS sta-
tions are available. No post‐processing was applied to the geopotential solutions and a simple basin average
was made in the computation. Figure 11 presents monthly time series of water storage changes at different
basins computed from different spectral (degree) bands. The basin‐averaged water storage variations com-
puted from two solutions agree in the degree band of 2 ≤ l ≤ 60, while over the smallest Colorado basin,
the GRACE‐only solutions are nosier than the GPS/GRACE solutions due to larger GRACE data noise in
higher degrees that were not sufficiently averaged out over the Colorado basin (left panels of Figure 11).
The GPS data cleaned up such noise in the high‐degree GRACE solutions. This can be better seen by eval-
uating the storage changes at the degree band of 30≤ l≤ 60 (middle panels of Figure 11). Considerable noise
was found in the GRACE‐only solutions from all basins, while the GPS/GRACE solutions present seasonal
and inter‐annual changes with amplitudes of a few centimeters, highlighted by the black curves representing
the least squares fit of seasonal and inter‐annual trends.

Figure 8. The average degree RMS of monthly geopotential solutions from a joint inversion of GPS and GRACE data from
2003 to 2016. Our new solutions were compared with the original GRACE only solutions. The new combination solution
presents less RMS noise in the degree band higher than 30.
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We also evaluated two solutions at the degree band of 60 ≤ l ≤ 90, where the GRACE data are too noisy
(right panels of Figure 11). The GRACE‐only solutions at those degrees cannot be used since the noise
greatly exceed the signals; however, the GPS + GRACE solutions still exhibit systematic seasonal variation
and inter‐annual changes consistent with the results at the lower degree band (30 ≤ l ≤ 60). Although a rig-
orous validation is required to assess the potential signals found in the GPS + GRACE solutions beyond
degree 60, our results in Figure 11 sufficiently demonstrate that the GPS data indeed reduced the GRACE
data noise and increased the spatial resolution of the surface mass estimates.

3.5. Effect of Geocenter Motion on GRACE Surface Mass Estimates

We computed the spatial patterns of seasonal surface mass changes using the geopotential solutions.
Figure 12 presents the cosine (in‐phase) and sine (quadratic) components of seasonal changes: top row from
our GPS/GRACE degree‐1 coefficients, middle row from SLR degree‐1, and bottom row fromGRACE (l≥ 2).
The seasonal change of the degree‐1 mass load is as large as 3 cm in terms of equivalent water height. In the
beginning of year, the positive anomaly appeared over Europe and the negative anomaly developed in the
South Pacific Ocean (seen from the cosine component of seasonal change). Three months later, the positive
anomaly shifted westward and developed over the North Atlantic Ocean with reduced intensity and,

Figure 9. (a) The variance reduction quotient Q (see the exact definition in the text). The case of Q > 0 indicates the
monthly time series of each coefficient become more systematic by virtue of inclusion of GPS data compared to the ori-
ginal GRACE time series. In contrast, Q < 0 implies the coefficients become more random due to the inclusion of GPS
data. For most coefficients of higher order (m > 16), the time series of geopotential coefficients become more systematic
(less noisy) with GPS data. (b) The standard error estimate of GRACE geopotential coefficients. The improvement by
including GPS data is more evident where the uncertainty is larger.
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concurrently, the negative anomaly also moved west and appeared over Australia (from the sine compo-
nent). In the middle of year, the positive anomaly appeared in the South Pacific Ocean and the negative
anomaly in Europe. During the third quarter of year, the positive anomaly appeared in Australia and the
negative anomaly in the North Atlantic Ocean. We hypothesize that this is the overall seasonal migration

Figure 10. Time series of selected zonal (m = 0) coefficients from GRACE only and GPS/GRACE combination solutions. The GPS data augment the inaccurate
solutions of GRACE's C2,0 coefficient and other coefficients during GRACE's deep resonance periods (large blue spikes).
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pattern of the degree‐1 surface mass load of terrestrial water storage, atmosphere, and ocean masses,
resulting in the seasonal geocenter motion. As seen from Figure 7, the Earth deforms responding to the
migration of such degree‐1 load. In the beginning of year, the United States, Africa, and Australia shift
toward the positive load in Europe. Six months later, the horizontal motions of global GPS sites point to
the degree‐1 load in the South Pacific Ocean. The results from the SLR solutions are similar to those of
our GPS/GRACE solutions.

The mass load from all other degrees (l ≥ 2), which are what GRACE measures, is as large as a few deci-
meters in the Amazon, ~10 cm over the Eurasian and European continents, and only a few centimeters over
the arid and semi‐arid regions including Australia (Figure 12, bottom panel). Depending on the region, the
contribution of the degree‐1 mass load to the total mass changes could be as important as the contribution
from all other higher degrees in arid basins. The accurate determination of the degree‐1 load (causing the
geocenter motion) is crucial to quantify total water mass changes particularly in arid areas.

Figure 13 illustrates the water storage changes in the Lake Eyre basin, Australia and the Nile river basin,
Africa. The monthly time series from the degree‐1 load and higher degrees from our GPS/GRACE inversion
solutions are shown. Since we are interested in only land water storage in this example, the atmosphere and
ocean component of the degree‐1 load was computed separately using the degree‐1 coefficients of the AOD

Figure 11. Terrestrial water storage changes estimated in three major river basins from GRACE only (blue) and GPS/GRACE joint inversion solutions (red). These
river basins (Mississippi, Colorado, and Danube) are among the ones most effectively influenced by inclusion of GPS data with dense spatial coverage. The water
storage time series was computed at three different degree bands (2–60, 30–60, and 60–90) to highlight the effect of GPS data at higher degrees. The water
storage time series at the degree band of 30–90 are clearly improved by the GPS and GRACE combined solutions. The black curves represent the least‐squares fit to
the time series using the annual and semi‐annual harmonic components and linear and quadratic parameters.
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model and removed from our GPS/GRACE degree‐1 solutions. In both river basins, the changes by the
degree‐1 load are as large as the signal contribution from all other degrees.

In the right panel, we compared different degree‐1 solutions from SLR and S08 (again, the AOD degree‐1
components were removed) with our GPS/GRACE solutions in these basins. In the Lake Eyre basin, our
GPS/GRACE and SLR solutions of degree‐1 contribution to land water storage shows the peak of 3 cmwater
load in August, while the other higher degrees present the peak water storage of 3 cm in March. The total
terrestrial water storage should be a combination of both. The results from the S08 degree‐1 solutions are
smaller by 50% and the peak was delayed by one to two months relative to the GPS/GRACE and SLR solu-
tions. In the Nile river basin, both GPS/GRACE and SLR solutions present the peak anomaly of 1–2 cm in
January–December, while the storage from higher degrees show the peak of 6 cm in September–October.
The results from the S08 solutions imply small changes, only ~5 mm, that is quite different from other solu-
tions for this basin. The uncertainty in the degree‐1 components is indeed an important error source of quan-
tifying total water storage changes in these arid and semi‐arid basins.

3.6. Effect of Heterogeneity of Earth's Elastic Structure

Our analysis presented so far assumes that the Earth's elastic response (in geopotential change and surface
deformation) to surface mass load is known through an elastic Earth model used to compute the load Love

Figure 12. Spatial patterns of annual degree‐1 surfacemass load estimated from our (top panels) GPS/GRACE joint inver-
sion and (middle panels) SLR solutions and of (bottom panels) seasonal mass load fromGRACE geopotentials of l≥ 2. The
surface mass load was evaluated in terms of equivalent water thickness. The annual changes were presented as the in‐
phase and quadrature components. Note the difference in the amplitude and extent of the contrasting degree‐1 solutions.
A specific example of a difference that would influence regional deformation results is for the “in‐phase” plots for GPS/
GRACE deg‐1 and SLR deg‐1 in southern Alaska (see contrasting deformation vectors in Figure 7a).
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numbers in equations (2)–(5). We used the global average Earth structure of Preliminary Reference Earth
Model (PREM) that defines the elastic parameters including density, shear modulus (rigidity), and bulk
modulus at different depths. It is unambiguously observed that there are significant differences in the
elastic structure in the lithosphere (top 300 km) and upper mantle across the contiguous United States
(Bensen et al., 2009; Pasyanos et al., 2014; Shen & Ritzwoller, 2016). The seismic tomography for the U.S.
continent found the dichotomy of shear wave velocity Vswithin top ~300 km between the tectonically‐active
western United States (west of the Rocky Mountain front) and the eastern United States. The eastern region
is characterized by a thicker lithosphere (~300 km) and higher Vs (~10%) than the lithosphere and velocity of
the western United States (Pasyanos et al., 2014; Shen & Ritzwoller, 2016). The higher Vsmeans larger rigid-

ity μ and/or lower density ρ through Vs ¼
ffiffiffiffiffiffiffiffi
μ=ρ

p
, and leads to smaller deformation for a given load. The

change in rigidity yields greater change in vertical load deformation than in horizontal deformation, as
shown analytically in equations (13) and (15) of Farrell (1972). The question is if such change in the elastic
properties across the North American continent in the United States may yield a change in load deformation
detectable by GPS. The difference in elastic properties may complicate the use of GPS and GRACEmeasure-
ments for recovering surface mass load.

Figure 13. (left) Monthly time series of terrestrial water storage change in Lake Eyre (Australia) and Nile basins, computed from GRACE geopotential coefficients
of l ≥ 2 (blue), our GPS/GRACE degree‐1 solutions (red) after removing the degree‐1 components of atmosphere and ocean mass from the AODmodel, to highlight
land water effects only. In the Lake Eyre basin the large increase in water storage starting 2010 and the decrease from 2012 observed by GRACE corresponds
to the La Niña in Australia. (right) The average monthly changes during 2003–2016 estimated from GRACE (blue) and our degree‐1 solutions (red) and from SLR
(yellow) and S08 (purple) degree‐1 solutions (again, the AOD degree‐1 removed from different degree‐1 solutions). The degree‐1 contribution to the total land
water storage change could be as large as all other degrees in the Lake Eyre basin and ~40% of all other degrees in Nile river basin. The significant uncertainty
among different degree‐1 solutions highlights how important it is to obtain more accurate solutions for geocenter motion.
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We computed different sets of the load Love numbers by perturbing density, rigidity, and bulk modulus
within the lithosphere according to different profiles of seismic wave velocities from LITHO1.0 model
(Pasyanos et al., 2014). We found that the lithosphere thickness changes within 50 to 300 km in the western
to eastern United States. In the eastern United States, the shear wave is faster up to 10% and density is lower
by a few percent compared to PREM. These departures form PREM yield a rigidity increase by up to 20%.
This translates into up to 6% of smaller vertical deformation and little change in lateral displacement and
geopotential at the maximum degree and order of 90. In the contiguous United States, the largest annual ver-
tical displacement is found to be around 10 mm. The change caused by the lateral variation of the elastic
properties in the lithosphere is likely to be a secondary effect, considering the GPS positional accuracy
at present.

4. Summary and Conclusion

GRACE gravitational potential data are being used in numerous applications for studying mass redistribu-
tion on the Earth's surface. The data have been analyzed in conjunction with geophysical models and other
geodetic data including GPS measurements of surface deformation. Unlike other models and data sets made
available in a more intuitive reference frame attached to the Earth's surface, GRACE data are referenced to
the frame located at the center of mass of the Earth system (geocenter). The geocenter moves within a few
millimeters in all three axes from its long‐term mean position due to seasonal migration of atmospheric,
oceanic, terrestrial water, and ice/snow masses. Such subtle translation between the reference frames must
be accounted for when GRACE data are used to quantify surface mass changes. The global network of GPS
stations has been measuring 3D surface displacement as a result of the solid Earth's deformation to surface
mass load. The GPS data can be used to determine the surface mass redistribution independently from
GRACE. Unlike GRACE data, GPS displacement data are referenced to a frame like ITRF.

In this paper, we developed and demonstrated amethod to jointly invert GPS displacement data and GRACE
geopotential data to determine global geopotential fields in a consistent ITRF reference frame. All geopoten-
tial coefficients were estimated simultaneously and seamlessly from degree‐1. New solutions of geocenter
motion and geopotential field were determined by analyzing daily position solutions from 1,651 GPS stations
and monthly GRACE data from 2003 to 2016.

We found the horizontal GPS displacement data to be particularly sensitive to the degree‐1 surface mass load
as a result of geocenter motion, as also shown by Han (2016) and Chanard et al. (2018). We found that it is
possible to estimate the geocenter motion only from horizontal GPS displacement data along with GRACE
data. In the United States, the X and Y components of the geocenter motion can be readily seen from east and
north GPS displacement data, respectively, even without any data processing. The United States moves
northwest in the beginning of year and southwest in the middle of year in response to the seasonal migration
of the degree‐1 mass load. Our geocenter motion solutions agreed best with the SLR solutions within 1 mm
in the X and Z components and submillimeter in the Y component when compared in monthly variability
averaged over 2003–2016. Indeed, various geocenter motion solutions agreed best in the Y component.
However, our GPS/GRACE geocenter solutions are contaminated by systematic error associated with GPS
data at the draconitic period and its overtones. The use of GPS horizontal time series (after detrending to
compensate for plate motion) makes it difficult to determine a secular drift in the geocenter motion.

The vertical GPS displacement data from a dense GPS network are useful for improving the geopotential
field at higher degrees and orders. We demonstrated that the geopotential fields become more systematic
by virtue of including GPS data in our solutions and this is most evident in higher‐order (m ≥ 16) coeffi-
cients. The GPS data also corrected the noisy higher‐degree zonal (m = 0) coefficients of GRACE geopoten-
tial solutions. Also, we illustrated improved water storage estimates from higher degrees (l ≥ 20) for the U.S.
and European river basins where dense GPS network are available.

The accurate determination of geocenter motion is critical to quantifying GRACE water storage particularly
in arid and semi‐arid areas as well as ocean mass recovery from GRACE and altimeter data (e.g., Chambers
et al., 2007). For example, in the Lake Eyre basin, Australia, the present geocenter motion solutions from
different techniques differ by 2 cm in equivalent water height with a phase difference of a couple of months,
while total water storage is only about 3 cm in annual change. The uncertainty of geocenter motion is a sig-
nificant error source in quantifying terrestrial water storage change in the Australian basin.
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The geocenter motion solution from our GPS/GRACE joint analysis is contaminated by the systematic error
in GPS geocentric positional data at draconitic period and its overtones, particularly in the horizontal data.
If these time series become long enough, the solutions can be improved by filtering out over the draconitic
period. The GPS/GRACE joint inversion approach can be further enhanced by (1) explicitly parameterizing
the draconitic harmonic terms that are geographically‐correlated to remove them from GPS data, (2) con-
sidering the full covariance matrix among different GPS stations, (3) estimating GPS orbital parameters
simultaneously with geopotential fields from more fundamental GPS data like SINEX files (Blewitt,
1998), (4) more carefully pre‐screening GPS sites that present local changes less coherent with regional
deformation. A priori spatial filtering (like kriging) of GPS data could be useful in this regard, and, finally,
(5) parameterizing poroelastic deformation which behaves in the opposite sense to elastic load deformation
with time delay (e.g., Bawden et al., 2001; Wisely & Schmidt, 2010). Lastly, the effect of inhomogeneous
GPS network distribution (heavily on United States and Europe) on the geocenter motion solutions needs
to be examined.
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