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Abstract

Global positioning system (GPS) observations can be used to estimate the geocenter motion, but are subjected to large uncertainties
and effects due to uneven distribution of GPS stations and high-degree aliasing errors. In this paper, uncertainties and effects on geo-
center motion estimates from global GPS observations are investigated and assessed with different truncated degrees and selected GPS
network distributions based on different plate motion models, including NUVEL-1A, MORVEL56 and ITRF08. Results show that the
selected GPS stations have no big effects on geocenter motion estimates based on different plate motion models, while large uncertainties
are found at annual and semi-annual components when using different truncated degrees. Correlations of geocenter motion estimates
from selected GPS networks with GRACE and SLR are better with truncated degree 3, and higher truncated degrees will degrade geo-
center estimates. Smaller RMS also shows better results with the truncated degree 3 and the NUVEL1A has the worse results because
more GPS sites are eliminated. For annual signal with truncated degree 3, four GPS strategies can reduce annual amplitudes by about
29.2% in X, 5.6% in Y, and 27.9% in Z with respect to truncated degree 1. Annual phases of all GPS solutions from MORVEL56 and
ITRF08 are almost close to the GRACE solution with truncated degrees from 3 to 10, while the semi-annual signals are relatively
weaker for all cases.
� 2014 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The total mass of the whole Earth system consists of the
solid Earth and the fluid envelope, such as the oceans,
atmosphere and continental water (Jin et al., 2012, 2013).
The transfer and redistributions of surface fluids can cause
the surface loading deformation, geocenter motion
(Swenson et al., 2008) and the Earth rotation variations
(Jin et al., 2010, 2011). Currently, there are three types of
geocenter definitions: center of the whole Earth (CM),
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center of solid Earth (CE), and center of figure (CF), which
do not coincide with each other. The motion between CF
and CM or between CE and CM are commonly called geo-
center motion (Dong et al., 2003; Tregoning and van Dam,
2005; Wu et al., 2002). Here the geocenter motion is
referred as CF relative to CM.

Geocenter motion was normally determined by tracking
satellites orbiting around CM from stations located on
Earth’s surface, e.g., Satellite Laser Ranging (SLR) (Cheng
et al., 2013). The other is inversed from the degree-1 defor-
mation with a set of globally distributed geodetic observa-
tions based on the theoretical modeling of the Earth’s
elastic response to the loading stations (Lavallee et al.,
2006; Wu et al., 2012). Blewitt et al. (2001) used 5 years
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of IGS GPS data at 66 stations to initially inverse degree-1
surface mass loading coefficients and corresponding geo-
center motion with ignoring higher degrees. Wu et al.
(2002) found that higher-degree terms would alias into
degree-1 load coefficients since realistic network was not
an even distribution. Later due to the lack of observations
over the oceans, ocean bottom pressure (OBP) and
GRACE data were combined to estimate the geocenter
motion (e.g., Swenson et al., 2008).

The geocenter motion estimate from degree-1 loading
inversion highly depends on the number and the distribu-
tion of GPS stations and suffers from aliasing errors of
higher truncated degrees. Recently more and longer global
GPS observations are available from January 2003 to 2013,
which allow us to assess uncertainties and effects on
geocenter motion estimates from global GPS observations.
In this paper, the uncertainties and effects on geocenter
motion estimates from global GPS observations are inves-
tigated with different GPS networks distribution and trun-
cated degrees. Four strategies are designed to select GPS
sites. One is using all GPS sites without removing deformed
sites and the other three GPS networks are selected based
on three plate motion models. Furthermore, annual and
semi-annual geocenter variations and effects are studied
with different truncated degrees, which are compared with
SLR and GRACE plus OBP (hereafter called GRACE)
(Swenson et al., 2008).
2. Surface loading theory

The Earth is usually assumed spherically symmetric,
radially layered, elastic and statically loaded by a thin shell,
including the atmosphere, oceans, and the continental water
(Farrell, 1972). The large-scale surface mass redistribution
within the Earth system mainly locates in the surface layer,
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Fig. 1. Selected GPS networks distributions in this study. (For interpretation
web version of this article.)
which can be described by the surface density anomaly at a
position ðk; hÞ as (Wahr et al., 1998):
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where a is Earth’s mean radius, qS seawater density, �P nm are
the fully normalized associated Legendre polynomials, and
ðDCr

nmðtÞ;DSr
nmðtÞÞ are the time-varying spherical harmonic

coefficients of the surface density anomaly.
The Earth surface mass loading can cause relative elastic

displacements, which can be expressed as a spherical har-
monic expansion according to the Love Number theory
(Blewitt and Clarke, 2003):
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where qS and qE are mean density of the seawater
(1025 kg m�3) and the Earth (5517 kg m�3), and h0n and l0n
are load love numbers. The love numbers are used in the
center of figure (CF) frame from Blewitt (2003):

½l01�CF ¼ 0:134

½h01�CF ¼ �0:268
ð3Þ
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The degree-1 loading deformations are related to geo-
center motion in terms of load moment components (Ble-
witt et al., 2001; Blewitt, 2003):
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where M� is mass of the Earth system and ðmx;my ;mzÞ are
the loading vector.
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Fig. 2. Geocenter correlation of GPS and GRACE estimates with SLR. “All” m
“MORVEL56” shows that the selected rigid GPS sites are based on the MOR
GPS sites are based on the NUVEL1A plate motion model and “ITRF08” deno
model.
3. GPS observations and selections

3.1. Global GPS observations

With the development of a wider and denser continuous
GPS network, it can monitor geometrical changes of the
Earth. The non-mass displacements, such as earthquake
and antenna change, are removed from GPS time series.
Furthermore, relatively stable stations are selected based
on rigid plate motion models, which are located on stable
plate and far from plate boundaries. Here we use global
GPS daily time series provided at SOPAC (available at
ftp://garner.ucsd.edu/pub/timeseries/) with removing the
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linear trend, outlier and mean value. In addition, some
GPS observations with transient non-loading deformation
are also removed.

3.2. GPS stations selection

Plate motion models describe the rigid plate motion.
The rigid motion of each GPS site can be estimated as
the following:

mi ¼ Xp � Ri ð5Þ

where vi is the motion velocity, Xp is the angular velocity of
the plate motion and Ri is the position vector. Three main
plate models are used: MORVEL56 (DeMets et al., 2010),
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Fig. 3. Geocenter correlation of GPS and SLR estimates w
NUVEL1A (DeMets et al., 1994; Jin and Zhu, 2004) and
ITRF08-PMM (Altamimi et al., 2012) estimated from
ITRF2008 GPS solutions.

The mean sigma of all GPS fitted velocities errors is
1.7 mm/y. GPS stations with deformation residuals
between the observed minus estimated velocity of larger
than three times of one sigma (i.e., 5.1 mm) are removed.
Fig. 1 shows the selected GPS networks based on different
plate motion models: 259 sites by MORVEL56 (red circle),
238 by NUVEL1A (blue square), 282 by ITRF08 (green
triangle), and 122 unselected sites (black star) that are
located nearby plate boundaries. In addition, another case
of all GPS sites (All) is also tested without removing the
deformed GPS sites.
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4. Estimation of geocenter motion

Theoretically, if GPS site distributions were globally
homogenous, higher degree terms would not affect estimate
of geocenter motion based on orthogonality of spherical
harmonic functions over the entire Earth’s surface. In prac-
tice, although hundreds of GPS stations are employed, no
or less data are available around the polar and oceans areas,
so geocenter motion could be contaminated by aliasing
errors of higher degrees. In order to investigate effects of ali-
asing errors on the inversion of geocenter motion, the
spherical harmonic load-induced geometrical displacements
are truncated with degrees from 1 to 10, respectively.

The linear models of estimating unknown parameters are
given by the matrix equation with a set of GPS station
displacements:

Ax ¼ bþ e EðeÞ ¼ 0; DðeÞ ¼ r2
0P�1 ð6Þ

where b is the GPS displacements in the east, north and
vertical, A is the design matrix with weight matrix P
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Fig. 4. RMS of GPS geocenter estimate with respective to
(dimension is n � m, and m is number of unknown param-
eters), x ¼ ½Cr
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r
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NN � are the unknown

parameters with truncation degree N and e is the residual.
The weighted least squares solutions is

x̂ ¼ ðAT PAÞ�1
AT Pb; r̂2

0 ¼
V T PV
n� m

ð7Þ

where V ¼ Ax̂� b and x̂ is the least-squares estimation of
unknown vector x. After the coefficients are estimated,
the geocenter coordinates (X, Y, Z) can be obtained from
degree-1 coefficients based on the Eq. (4).

5. Results and discussion

5.1. Geocenter motion

The geocenter motions are estimated using the selected
GPS networks with different truncated degrees from Janu-
ary 2003 to 2013. The correlations of GPS estimated results
with SLR are shown in Fig. 2. The “All” means that all
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Fig. 5. The detrended time series of monthly geocenter motion estimates with truncated degree 3 (CF w.r.t. CM). The symbols meanings are same as
Fig. 2.

Table 1
Annual amplitudes and phases of geocenter motion from different solutions with truncated degree 3. “All” means that all GPS sites are used,
“MORVEL56” shows that the selected rigid GPS sites are based on the MOREVEL56 plate motion model, “NUVEL1A” means that the selected rigid
GPS sites are based on the NUVEL1A plate motion model and “ITRF08” denotes that the selected rigid GPS sites are based on the ITRF08 plate motion
model.

Strategies X rX Y rY Z rZ

Annual amplitude (mm)

All 1.49 0.17 1.03 0.19 3.10 0.19
MORVEL56 1.25 0.16 1.44 0.16 3.47 0.23
NUVEL1A 1.46 0.16 1.63 0.21 3.60 0.20
ITRF08 1.42 0.15 1.55 0.17 3.52 0.21
SLR 4.37 0.29 2.26 0.30 4.54 0.42
GRACE 2.26 0.12 2.38 0.09 2.24 0.16

Annual phase (�)

All 64.66 6.57 �35.92 10.46 43.09 3.56
MORVEL56 71.22 7.12 �35.27 6.49 41.97 3.74
NUVEL1A 77.29 6.16 �12.29 7.38 42.31 3.20
ITRF08 76.96 5.95 �34.79 6.45 36.99 3.48
SLR 35.12 3.82 �23.54 7.44 39.74 5.24
GRACE 59.86 3.16 �39.70 2.15 69.13 4.26
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GPS sites are used without removing the deformed GPS
sites, “MORVEL56” means that the selected rigid GPS
sites are based on the MOREVEL56 plate motion model,
“NUVEL1A” denotes that the selected rigid GPS sites
are based on the NUVEL1A plate motion model and
“ITRF08” means that the selected rigid GPS sites are based
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Fig. 6. Power spectral density of geocenter motions (X, Y and Z) from GPS observations with truncated degree 3. The symbols meanings are same as
Fig. 2. The red line is the SLR estimate and the green line is GRACE solutions. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Table 2
Semi-annual amplitudes and phases of geocenter motion from different solutions with truncated degree 3. The symbols meanings are same as Table 1.

Strategies X rX Y rY Z rZ

Semi-annual amplitude (mm)

All 0.26 0.17 0.17 0.19 0.72 0.19
MORVEL56 0.34 0.16 0.26 0.16 0.70 0.23
NUVEL1A 0.32 0.16 0.23 0.21 0.81 0.20
ITRF08 0.39 0.15 0.14 0.17 0.71 0.21
SLR 1.06 0.29 0.29 0.29 1.69 0.42
GRACE 0.28 0.12 0.30 0.09 0.54 0.17

Semi-annual phase (�)

All �19.52 38.22 �1.90 62.79 �146.91 15.36
MORVEL56 �26.38 26.50 42.66 36.30 �148.52 18.46
NUVEL1A �4.05 28.32 �62.55 51.89 �146.26 14.30
ITRF08 �26.06 21.60 13.50 71.11 �137.13 17.30
SLR �66.34 15.75 �48.99 59.18 �167.62 14.04
GRACE �29.03 24.89 �178.35 17.03 �159.74 17.34
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Fig. 7. RMS of residuals in geocenter motions (X, Y and Z) with different trancated degrees. The symbols meanings are same as Fig. 2.
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on the ITRF08 plate motion model. Correlations are less
than 0.5 in Y and worse than that in X and Z for all
GPS strategies. With increasing truncated degrees, correla-
tions of all GPS estimates with SLR in X decrease gradu-
ally, which is different from that in Y and Z. The results
from GPS observations with truncated degree 3 are nearly
better. Furthermore, most correlations from GPS estimates
are lower than GRACE solutions, while GRACE results
are closer to SLR solutions.

Fig. 3 shows the correlation of GPS results with
GRACE. Correlations of GPS results with GRACE are
higher. In particular Y direction, correlations of MOR-

VEL56 and ITRF08 with GRACE are significant higher
with over 0.5 with truncated degrees 3, 4 and 5. Further-
more, all correlations have minimum values with truncated
degree 2 for each GPS strategy and maximum correlations
are found with truncated degree 3 in each component for
both MORVEL56 and ITRF08. While the NUVEL1A
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Fig. 8. Annual amplitudes of geocenter estimations from GPS observations wit
(For interpretation of the references to color in this figure legend, the reader
performs worse in X and Y and good in Z with truncated
degrees from 1 to 5.

In addition, correlations of geocenter motion estimated
from GPS with SLR and GRACE are higher and RMSs of
residuals are smaller in three components with truncated
degree 3 (Fig. 4), indicating that good results with trun-
cated degree 3 are obtained from GPS observations.
Fig. 5 shows the detrended monthly geocenter motion time
series with truncated degree 3 from January 2003 to 2013.
There is almost no difference in GPS estimates between dif-
ferent strategies, which agree well with GRACE solutions
in all three components. However, SLR amplitude is
apparently larger than GPS and GRACE in X direction
(also see Table 1). Fig. 6 shows the power spectral density
of geocenter estimates from GPS. All estimates including
SLR and GRACE present a clear annual period at the 1-
cpy (cycle per year) frequency in three components, while
semi-annual signal is relatively weak and does not agree
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h truncated degrees from 1 to 10. The symbols meanings are same as Fig. 2.
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well between different solutions. Semi-annual signal from
GRACE is more significant in all three components. MOR-

VEL56 and ITRF08 and SLR also have semi-annual sig-
nals, except NUVEL1A and All in X, possibly because
NUVEL1A have less used GPS stations and solutions from
All are contaminated by deformed sites.

The amplitude and phase of the annual and semi-annual
signals are determined with the following equation using
unweighted least-square method:

yðtÞ ¼ aþ bðt � t0Þ þ
X2

k¼1

½Ak cosð2pðt � t0Þ=pk � /kÞ� ð8Þ

where Ak is the amplitude, pk is the period, /k is the phase
in degree, tavg is average time, t0 is 1 January, a is constant
and b is the trend. Tables 1 and 2 show annual and
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Fig. 9. Annual phases of geocenter estimations from GPS observations with t
(For interpretation of the references to color in this figure legend, the reader
semi-annual amplitudes and phases. “All” means that all
GPS sites are used without removing the deformed GPS
sites, “MORVEL56” means that the selected rigid GPS
sites are based on the MOREVEL56 plate motion model,
“NUVEL1A” shows that the selected rigid GPS sites are
based on the NUVEL1A plate motion model and
“ITRF08” means that the selected rigid GPS sites are based
on the ITRF08 plate motion model. Both annual ampli-
tudes and phases are consistent well between GPS esti-
mates, but large discrepancies of annual amplitudes are
found between GPS and SLR. Annual amplitudes of geo-
center motion from GPS are averagely 2.98, 0.8 and
1.12 mm, less than those from SLR in X, Y and Z, respec-
tively, but closer to GRACE solutions. While annual
phases from GPS are almost closer to SLR and GRACE.
Semi-annual amplitudes of GPS results are closer to
6 7 8 9 10
d degree

enter X

1A ITRF08 SLR GRACE

6 7 8 9 10
d degree

enter Y

1A ITRF08 SLR GRACE

6 7 8 9 10
d degree

enter Z

1A ITRF08 SLR GRACE

runcated degrees from 1 to 10. The symbols meanings are same as Fig. 2.
is referred to the web version of this article.)



X. Zhang, S. Jin / Advances in Space Research 54 (2014) 59–71 69
GRACE with less than 1 mm and semi-annual phases have
large differences between different estimates although they
agree well in X and Z for GPS and SLR.

5.2. Effects of truncated degrees and GPS network

5.2.1. RMS of geocenter estimates
RMS of residuals for each GPS strategy are less with

truncated degree 3, averagely 1.2 mm in X and 1.4 mm in
Y, 1.6 mm in Z, which are reduced by 23%, 14% and 17%
in X, Y and Z respectively with respect to those with trun-
cate degree 1. RMSs increase gradually after truncated
degree 4, but are not larger than 2.3 mm (Fig. 7). The
RMS w.r.t. GRACE has a minimum value with truncated
degree 3 for each GPS estimate and NUVEL1A is the larg-
est in Y (Fig. 4). The minimum of RMS of residuals and
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Fig. 10. Semi-annual amplitudes of geocenter estimations from GPS observatio
Fig. 2.
RMS w.r.t. GRACE are both located with truncated degree
3. With increase of truncated degrees, the aliasing errors
have no big effect on the RMS, since the high degree coeffi-
cients are much smaller when compared to low degree
coefficients.

5.2.2. Annual variations
Figs. 8 and 9 show the annual amplitudes and phases for

different GPS strategies with truncated degrees from 1 to
10. The amplitudes and phases of SLR (red line) and
GRACE (green line) are plotted horizontally. All GPS
annual amplitudes vary greatly with smaller truncated
degrees and become stable after truncated degree 3 in X,
Y and Z, respectively. Annual amplitudes of GPS geocen-
ter estimates in X are almost the same as each other, nearly
equal to GRACE and half as big as that of SLR with all
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truncated degrees, dropping about by 50% with truncated
degree 2. Annual amplitudes of GPS, GRACE and SLR
geocenter motions in Y are close except with truncated
degree 2. Annual amplitudes of GPS in Z are closer to
SLR with truncated degree 1, then decrease gradually
and reach GRACE with truncated degree 5.

Annual phases of all GPS solutions in X are between 20�
and 85�. Annual phases of all GPS solutions in Y decrease
sharply from truncated degree 1 to 3 and then have a little
variation with truncated degrees from 4 to 10. Further-
more, the patterns of MORVEL56, ITRF08 and All are
very consistent and almost close to GRACE with truncated
degrees from 3 to 10. However, the values of NUVEL1A
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Fig. 11. Semi-annual phases of geocenter estimations from GPS observations
Fig. 2.
are larger by about 20�. Annual phases of all GPS inver-
sion in Z, about 40� less than GRACE and 10� less than
SLR, are always stable except with truncated degree 3.

5.2.3. Semi-annual variations

Semi-annual amplitudes are presented in Fig. 10. GPS
semi-annual amplitudes are stable with less than 0.5 mm
and agree well with GRACE in X direction, vary between
about 0.1 and 0.6 mm in Y direction, and gradually
increase from about 0.25–1.5 mm in Z direction. The
curves of all GPS semi-annual amplitudes agree well with
each other except that MORVEL56 has deviation with
about 0.2 mm in Y direction from others.
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GPS semi-annual phases (Fig. 11) show the same way as
annual phases. But semi-annual phases of GPS, GRACE
and SLR geocenter motion do not match each other in Y

component. Phases of GPS results almost linearly decrease
between �100� and 50� in X direction and suddenly jumps
with truncated degree 2 and degree 3 in Z direction and then
agrees with both SLR and GRACE after truncated degree 3.

6. Conclusion

Four sets of selected GPS networks are used to estimate
geocenter motion according to loading theory, one is using
all global GPS sites and the other three are selected by
three plate motion models with removing sites whose veloc-
ity residuals are greater than 5.1 mm (3r). Correlations of
GPS geocenter motion estimates with GRACE in three
components are much better than with SLR, especially in
Y direction. The best correlations are estimates from
GPS with truncated degree 3. RMSs of residuals and
RMSs w.r.t. GRACE and SLR also support this conclu-
sion. RMS of NUVEL1A in Y component is much higher
than GPS estimates. Furthermore, geocenter estimates
from GPS based on MORVEL56 and ITRF08 are better
than NUVEL1A, while estimates from all GPS sites (All)
are very similar to the MORVEL56, GRACE and ITRF08,
which indicates that GPS sites selections have a little effect
on geocenter estimates.

Annual geocenter amplitudes from GPS estimates are
highly suffering from the aliasing errors of higher degrees,
particularly in X and Z directions. The truncated degree
3 can reduce annual amplitudes by 29.2% in X, 5.6% in
Y, 27.9% in Z w.r.t. the truncated degree 1. Annual ampli-
tudes of all GPS estimates are almost the same as each
other and closer to the GRACE than SLR in X, but smaller
in Y. Annual phases of all GPS solutions from MOR-

VEL56, ITRF08 and All are very consistent and almost clo-
ser to GRACE solutions with truncated degrees from 3 to
10. However, the NUVEL1A is a little worse. Annual
phases of all GPS estimates in Z are always stable except
solutions with truncated degree 3. While the semi-annual
signals are relatively weaker for all cases.

Therefore, the performance of GPS geocenter motion
estimates depends on sites choices, but mostly the trun-
cated degree. Currently more than 300 GPS sites are avail-
able, while 70% of the whole Earth (ocean areas) still has
no or less GPS observations, In the future, it needs to fur-
ther assess uncertainty and effects on geocenter estimates
using more GPS observations.
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