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a  b  s  t  r  a  c  t

The  horizontal  transport  of  water  in  Earth’s  surface  layer,  including  sea  level  change,  deglaciation,  and
surface  runoff,  is  a manifestation  of many  geophysical  processes.  These  processes  entail  ocean  and  atmo-
sphere circulation  and tidal  attraction,  global  climate  change,  and  the  hydrological  cycle,  all  having  a
broad  range  of  spatiotemporal  scales.  The  largest  atmospheric  mass  variations  occur  mostly  at  synoptic
wavelengths  and at seasonal  time  scales.  The  longest  wavelength  component  of  surface  mass  transport,
the  spherical  harmonic  degree-1,  involves  the  exchange  of  mass  between  the  northern  and  southern
hemispheres.  These  degree-1  mass  loads  deform  the  solid  Earth,  including  its surface,  and  induce  geo-
center motion  between  the  center-of-mass  of the  total  Earth  system  (CM)  and  the  center-of-figure  (CF)  of
the solid  Earth  surface.  Because  geocenter  motion  also  depends  on  the  mechanical  properties  of  the  solid
Earth, monitoring  geocenter  motion  thus  provides  an additional  opportunity  to probe  deep  into  Earth’s
interior.  Most  modern  geodetic  measurement  systems  rely  on tracking  data  between  ground  stations  and
satellites  that  orbit  around  CM. Consequently,  geocenter  motion  is intimately  related  to  the realization

of  the  International  Terrestrial  Reference  Frame  (ITRF)  origin,  and, in  various  ways,  affects  many  of  our
measurement  objectives  for global  change  monitoring.  In the last  15  years,  there  have  been  vast  improve-
ments  in  geophysical  fluid  modeling  and  in the  global  coverage,  densification,  and  accuracy  of geodetic
observations.  As  a result  of  these  developments,  tremendous  progress  has  been  made  in  the  study  of geo-
center motion  over  the  same  period.  This  paper  reviews  both  the  theoretical  and  measurement  aspects
of geocenter  motion  and its implications.
© 2012 Elsevier Ltd. All rights reserved.
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. Introduction

The center-of-mass (CM) of the total Earth system, that is the
olid Earth and its fluid envelope, is usually referred to as the geo-
enter (Petit and Luzum, 2010). The geocenter is used to describe
arth’s motion in inertial space and serves as the orbital center
or all Earth satellites. In this paper, the term “geocenter motion”
s defined as the motion of the CM with respect to the center-
f-figure (CF) of the solid Earth surface (e.g., Ray, 1999 and the
ontributions therein). (The reader should bear in mind that other
onventions/definitions exist and are present in the literature.) Yet
t is the solid Earth (and its CF origin) that actually moves within the
eference frame if the origin is defined at CM.  This is the convention
hat is generally recommended for most physical modeling, such as
n the IERS Conventions (Petit and Luzum, 2010) for general rela-
ivistic formulations. Furthermore, the origin of the secular ITRF
Altamimi et al., 2007, 2011) is a long-term average of satellite CM
ealizations. In any case, the concept of relative motion is important
ecause CM can only be observed from points fixed to the Earth’s
urface via geodetic satellite data, integrated over certain discrete
ime intervals.

Ever since the publication of the review article of Farrell (1972),
eocenter motion has been recognized as a direct consequence
f degree-1 (n = 1) surface or internal (Greff-Lefftz and Legros,
997) loading and involves a special case of the load-induced
eformation in the spherical harmonic domain. This unique, very

ong-wavelength component is important (critically so in many
ases) for understanding global mass redistribution processes such
s sea level rise, atmospheric and ocean circulation, present-day
ce mass imbalance, continental hydrology, ocean tides, glacial iso-
tatic adjustment (GIA), and geodynamic processes of the Earth’s
ore and mantle (e.g., Stolz, 1976; Trupin et al., 1992; Dong et al.,
997; Greff-Lefftz and Legros, 1997, 2007; Watkins and Eanes,
997; Chen et al., 1999; Blewitt et al., 2001; Wu et al., 2002; Blewitt
nd Clarke, 2003; Chambers et al., 2004; Klemann and Martinec,
009; Greff-Lefftz et al., 2010).

Geocenter motion also depends on the elastic and viscoelastic
roperties of the solid Earth. The load-driven n = 1 displacement
ontributes to, but is not completely described by, the translational
eocenter motion. For the complete spatial spectrum of global mass
edistribution processes (including the n = 1 components), and to
btain additional information about the Earth’s interior, it is crucial
hat geocenter motion and n = 1 deformation are understood and
etermined to a high degree of accuracy.

Geocenter motions have been modelled and analyzed using geo-
hysical and climate models of ocean tides, atmospheric and ocean
irculations, and land hydrology as well as GIA (e.g., Scherneck et al.,
000; Dong et al., 1997; Chen et al., 1999; Cretaux et al., 2002;
reff-Lefftz, 2000; Klemann and Martinec, 2009). The magnitudes
f geocenter motions determined from these models at the differ-
nt time scales are generally small. The amplitude is on the order
f 1 cm due to diurnal and semi-diurnal ocean tides; a few mm due
o the non-tidal annual hemispheric mass exchange of water and
tmospheric mass separately; and less than 1 mm/yr at the secular

ime scale.

Many aspects of these environmental mass models are well
onstrained by observational data, in particular the tidal varia-
ions of the open ocean away from the coasts and polar areas.
 .  . .  .  . . . . .  .  . . . .  . . .  .  . . .  . . .  . .  . . .  . . . .  .  . . . . .  .  . . . . .  . . .  .  .  . . . . . . . . . .  . .  .  .  . .  .  . .  . . . . 60

In most cases, however, the non-tidal predictions tend to be less
reliable. By and large, the data assimilating or forward-fitting mod-
els are incomplete, non-unique, and highly uncertain over certain
spatiotemporal domains due to poorly known driving forces, inac-
curately modelled process dynamics and parameters, as well as
poor input data coverage and accuracy. There is also a general lack
of realistic uncertainty assessments for the models. As we enter the
age of millimeter accuracy in geodesy, the use of models to esti-
mate geocenter motion is not sufficiently precise for many modern
geodetic applications.

Geocenter motion can also be directly observed. Observing
geocenter motion is theoretically simple, i.e., tracking satellites
orbiting around CM from stations located on Earth’s surface. In
reality, actual measurements of such small motions are very chal-
lenging due to the stringent consistency and accuracy requirements
that must be provided by the tracking data themselves and the
kinematic/dynamic modeling of the geodetic systems. In fact, mea-
suring geocenter motion is at the forefront of high-precision global
geodetic endeavors and has become a robust performance indica-
tor for various geodetic techniques (Stolz, 1976; Vigue et al., 1992;
Eanes et al., 1997; Watkins and Eanes, 1997; Pavlis, 1999; Bouille
et al., 2000; Cretaux et al., 2002; Moore and Wang, 2003; Collilieux
et al., 2009; Kang et al., 2009; Cheng et al., 2010; Rebischung and
Garayt, 2010).

Another approach to observing geocenter motion was first rec-
ognized by Blewitt et al. (2001).  The authors demonstrated the
possibility of observing the n = 1 deformation and its annual vari-
ability using a set of globally distributed Global Positioning System
(GPS) stations. Since that time, a new area of research involving
inverse determination of geocenter motion has emerged (Wu et al.,
2002, 2003; Blewitt and Clarke, 2003; Kusche and Schrama, 2005;
Clarke et al., 2005, 2007; Lavallée et al., 2006). Unified approaches
to combine satellite geocenter information and n = 1 deformation
have also been studied and carried out (Lavallée et al., 2006;
Fritsche et al., 2010).

The launch of the Gravity Recovery and Climate Experiment
(GRACE) mission in 2002 (Tapley et al., 2004) spurred a requirement
for accurate measurements of geocenter motion and the underlying
n = 1 surface mass transport. GRACE provides, for the first time, a
near-global monitoring capability for surface mass transport. How-
ever, GRACE alone is not capable of observing the degree-1 mass
redistribution. GRACE’s rich data stream, global coverage, and high-
accuracy have greatly stimulated research efforts to determine
geocenter motion incorporating multiple and interdisciplinary data
sets (Davis et al., 2004; Wu et al., 2006, 2010a,b; Munekane, 2007;
Swenson et al., 2008; Jansen et al., 2009; Rietbroek et al., 2009, in
press-a, in press-b).

The requirement for millimeter precision in many applications
of geodetic observations means that the effect of geocenter motion
can no longer be ignored. For example, one important geophysi-
cal/climate change implication of geocenter motion concerns the
accurate determination of mean sea level (MSL) rise and its causes.
The primary modern geodetic technique for measuring MSL  is
satellite altimetry, which provides far better spatial coverage than

traditional tide gauge measurements. The satellite-based measure-
ment is referenced in the CM frame over the long-term and is often
denoted as the absolute sea level. However, to study geophysical
sources of sea level rise, such as thermal expansion of the oceans or
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he addition of fresh water to the oceans, volumetric changes of the
cean with respect to the mean ocean floor are required (Blewitt,
003). In this case, to convert altimetric measurements of MSL  to a
olume change, a correction of the geocenter motion with respect
o the mean ocean floor has to be applied.

Another important aspect of geocenter motion relates to the
nterpretation and application of the ITRF. Because the ITRF is opti-

ally derived from combinations of all space geodetic solutions, its
atum definition and realization are intimately related to the geo-
enter and the geocenter motion with respect to the surface of the
arth. Currently, the ITRF assumes linear motions for ground sta-
ions (except for occasional discontinuities). As a result, the ITRF
oordinate origins are theoretically defined at the long-term mean
M rather than at any quasi-instantaneous CM.  In fact, over sub-
ecular time scales, the ITRF origin is approximately located at a
oint with a fixed offset from CF with no motion between them
Blewitt, 2003; Dong et al., 2003; Collilieux et al., 2009; and see
elow). For consistency, any geodetic tracking system having its
oordinate origin fixed at the origin of the ITRF, therefore, would
eed corrections for instantaneous geocenter motions if they or
he equivalent n = 1 gravitational coefficients are not explicitly esti-

ated. Prominent examples of these systems include ocean and ice
ltimetry mission series such as TOPEX/Poseidon, Jason, ICESat, and
ryoSat, as well as any other spacecraft position determinations
hat use the precise point positioning technique (Zumberge et al.,
997; Haines et al., 2004) with Global Navigation Satellite Systems
GNSS) (including GPS) tracking.

Independently determined geocenter motion time series can be
sed to correct various geodetic coordinate time series to provide a
lobally unified displacement time series in the instantaneous CM
rame. Alternatively, ITRF input data time series and results contain
eocenter motion information that can be used to (1) determine
eocenter motion at sub-secular time scales directly (Collilieux
t al., 2009) or to (2) compare with global fluid models and indepen-
ent geocenter motion estimates to validate the accuracies of the

TRF data (Collilieux et al., 2009) and origin realization (Wu et al.,
011).

Clearly a precise knowledge of geocenter motion is fundamental
or interpreting geodetic observations and for connecting obser-
ations from orbiting satellites to their ground based tracking
tations. In this paper, we present a review of the state of the art
n geocenter motion theory, observations and modeling. Section 2
rovides a review of the theoretical aspects of geocenter motion. In
ection 3, we review the geophysical causes of geocenter motion.
ection 4 assesses in detail the relationship between the geocenter
nd the ITRF and sea level observations. In Section 5, we discuss
ethodology and progress in observing geocenter motion due to

urface mass transport and GIA. Finally we present a discussion in
ection 6 on the prospects for improving geocenter modeling and
heoretical developments and conclude in Section 7.

. Theory of geocenter motion due to a degree-1 load

Earth’s surface layer, consisting of the atmosphere, hydrosphere,
nd cryosphere, undergoes constant dynamic changes resulting in
he temporal redistribution of mass. (Processes in Earth’s deep inte-
ior, apart from GIA, are not considered in detail here due to a lack of
esearch and data constraints, long time scales, and their (probably)
mall amplitude. However, any surface expressions of topography
r geopotential due to internal mass movements could be incorpo-
ated into the theory here using a similar formalism such as exists

or exterior fluids.) Compared to Earth’s radius, the thickness of the
urface layer is relatively thin so that vertical mass redistributions
an generally be ignored. Then the horizontal mass redistribution
an be represented by (incremental) surface mass density (with
namics 58 (2012) 44– 61

respect to a reference epoch) and expressed as a sum of spherical
harmonic series (e.g., Wahr et al., 1998):

�(ϑ, ϕ, t) = dM

dS
= �wh(ϑ, ϕ, t) =

∞∑
n=1

n∑
m=0

∑
q=c,s

�nmq(t)Ynmq(ϑ, ϕ),

(1)

where M and S are mass and surface area. The variable �w is the
reference density of water and h is equivalent water thickness. The
variables �nmq and Ynmq are real-valued and normalized spherical
harmonic coefficients and functions, respectively, defined using the
standard geodetic convention (Lambeck, 1988). Index q = c,s indi-
cates cos(mϕ) or sin(mϕ) coefficients and functions. The degree-0
term drops out of the summation because the total mass in the
surface layer is considered constant.

In a reference frame with the coordinate origin defined as the
instantaneous center of mass of the solid Earth (CE), the position
vector of CE is rce = 0. The position of the center of mass of any body,
such as the incremental load in the surface layer, is defined as

rl = 1
Ml

∫ ∫
[xêx + yêy + zêz]�a2sin ϑdϑdϕ

= 4�a3
√

3Ml

(�11c êx + �11sêy + �10c êz), (2)

where Ml and a are the load mass and radius of Earth, respectively;
orthonormal properties of the spherical harmonic functions have
been used. Equation (2) demonstrates that only n = 1 coefficients
are associated with the position (and movement) of the center of
mass. Note that MErcm = Msrce + Mlrl = Mlrl, where Ms is the mass of
the solid Earth. From this equation and using (2),  the incremental
position of CM in the CE frame is,

rcm = Ml

ME
rl = 4�a3

√
3ME

(�11c êx + �11sêy + �10c êz), (3)

where ME is the mass of the total Earth system including the surface
fluid layer. Equation (3) expresses the relative motion of CM with
respect to CE driven by the n = 1 surface load variation. Changes in
surface load also deform the underlying solid Earth including its
surface, where all geodetic stations are located.

Now we  introduce the concept of CF whose motion is equivalent
to the integral average motion of the entire surface (Trupin et al.,
1992):

rcf = 1
4�

∫ ∫
r(ϑ, ϕ)sin ϑdϑdϕ, (4)

where rcf is the incremental position or displacement of CF from
the reference epoch position and r (ϑ, ϕ) is the displacement of a
point on the surface of the solid Earth. Since a geodetic network has
only a finite number of sites, N, the incremental (geometric) center
of network (CN) is also used to describe the translational motion of
the network:

rcn = 1
N

N∑
i=1

ri. (5)

The geometry of the various centers is illustrated in Fig. 1. For
real tracking networks, relative motions between CF and CN occur
due to non-uniform surface coverage and peculiar local motions at
individual stations. Such spurious contributions to apparent geo-
center motion measurements have been termed “network effect”
(see, for example, Collilieux et al. (2009), where approaches to mit-

igate the effect were also studied).

To learn about load-induced deformation and geocenter motion,
we have to distinguish the solid Earth’s responses to loading at two
different time scales.
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Fig. 1. Simplified illustration of the different reference frames used in geodesy. The
solid  circle in a) represents the center of mass of the solid Earth (CE) while the cross
represents the center of mass of the total Earth (CM), being the solid Earth plus
the surface mass system in the fluid envelope (FE). The center of network (CN, black
hexagon) is different from both CE and CM in the extreme case of only three stations;
b)  shows the theoretical situation of having geodetic sites evenly spaced over the
Earth’s entire surface (including the oceans) for which CF = CE; (from Tregoning and
van Dam, 2005); c) illustrates the exaggerated deformation of the solid Earth, its
surface, and CF under loading.

2

b
d
s
a

on the load Love numbers, the dimensionless ratios of the solid
Earth responses to the forcing gravitational potential. Depending
on the origin choice of CM or CE, the n = 1 load Love numbers will
.1. Elastic Earth deformation

Over time scales from sub-daily to decadal, the solid Earth
ehaves elastically under loading and unloading. The elastic load
eformation theory outlined by Farrell (1972) for the spherically
ymmetric, stratified, and non-rotating Earth is fairly adequate and

s a result has been used widely within the geodetic community.
namics 58 (2012) 44– 61 47

The linearized governing equations are the conservation of linear
momentum:

�∂2
t s = ∇ · T + g∇ · (�s)êr − �∇� − ∇(�gs · êr), (6)

Poisson’s equation:

∇2� = −4�G∇ · (�s), (7)

and the elastic constitutive relation or Hooke’s law:

T = 	(∇ · s)I + 
[∇s + (∇s)T], (8)

as well as the boundary conditions of a unit point mass load prob-
lem. s, T, and � are the displacement, incremental Cauchy stress,
and perturbation in the gravitational potential, respectively. � and
g are the equilibrium density and gravity values. G is the gravita-
tional constant. 	 and 
 are Lamé parameters. I is the second rank
identity tensor. The ijth element of the displacement gradient is
defined as ∂sj/∂xi.

After Fourier transforming Equations (6–8), the dynamic equa-
tions are solved using spheroidal vector spherical harmonic
functions. For the problem of loading on a spherical and non-
rotating Earth, the toroidal components are completely decoupled
in the governing equations and vanish in the solution without any
tangential stress forcing at the surface. For point load problems at
frequencies lower than those of the Earth’s free oscillations, the
equations and solutions do not depend on order m or frequency.
Thus, the coefficients of the vector functions depend only on the
radial coordinate r and are governed by a set of ordinary differen-
tial equations and boundary conditions decoupled for each angular
degree n:

dYn(r)
dr

= An(r)Yn(r) (9)

where Yn = (Un, Vn, Nn, Tn, ˚n, Qn)T contains radial and lateral dis-
placements, normal and tangential stresses, gravitational potential,
and potential gradient. These equations can then be solved numer-
ically, from the center of the realistically stratified Earth to the
surface, with unknown coefficients of solutions determined by the
boundary conditions.

The n = 1 case, however, is special. Here, the boundary condi-
tion equations are not linearly independent as would facilitate a
unique solution. Physically, the way the problem is posed allows
an arbitrary uniform translation of the solid Earth without any vio-
lation of the equations and boundary conditions. In other words,
the coordinate origin of the problem has not been explicitly spec-
ified. An extra equation can be used to determine the amount of
the translational motion by setting the coordinate origin either at
CM or CE. Although no confusion can arise mathematically by this
arrangement, there have been ambiguities in the historical litera-
ture semantics as to the definition of the chosen origin. The phrases
“center of mass of an undeformed Earth” and “center of mass of a
deforming (or deformed) Earth” have been used to describe CE. In
addition, the phrase “center of mass of a deformed Earth” has occa-
sionally been used to describe CM.  Since the Earth is undergoing
constant change, and a reference frame origin has to be specified
at all time epochs, it is conceptually much clearer to call the origin
the instantaneous CM or CE, and the coordinates of CM or CE will
be zero for all time in the respective frame.

The total response of the Earth to a real load variation at the sur-
face can be computed by convolving the load with the point load
responses, i.e., Green’s functions. The Green’s functions depend
have different values that are related to one another through the
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ollowing simple relationships (Greff-Lefftz and Legros, 1997;
lewitt, 2003):

′ce
1 = 1 + h′cm

1 , k′ce
1 = 1 + k′cm

1 , l′ce
1 = 1 + l′cm

1 , (10)

here h′ce
1 , k′ce

1 , l′ce
1 are the n = 1 vertical, potential, and tangen-

ial load Love numbers respectively when the coordinate origin is
efined at CE; and h′cm

1 , k′cm
1 , l′cm

1 are the Love numbers in the CM
rame. It can be shown that k′ce

1 = 0 because the solid Earth cannot
ave an n = 1 potential in this frame. Blewitt (2003) also derives a
ore general form of these relationships using load Love numbers

efined in different coordinate systems including those in the CF
rame. The n > 1 load Love numbers, on the other hand, are invariant
o the choice of the coordinate origin.

Using these observations, many geodetic signatures can be read-
ly expressed as functions of the surface load and the load Love
umbers. For example, it is customary for satellite gravity missions
o adopt the CM frame, where the incremental gravitational geoid
eight becomes:

e =
∞∑

n=2

n∑
m=0

∑
q=c,s

4�a3

ME(2n  + 1)
(1 + k′

n)�nmqYnmq. (11)

The n = 1 terms drop out because k′cm
1 = −1 reflecting the simple

act that the degree-1 effect of the surface load variation is balanced
y that of the solid Earth mass redistribution in this frame. In other
ords, there can be no n = 1 gravitational potential for the Earth

ystem when the origin is defined at its center of mass. As another
xample, depending on the frame, the surface displacement due to
lastic deformation is:

e = 4�a3

ME

∞∑
n=1

n∑
m=0

∑
q=c,s

�nmq

2n + 1

×
[

h′
nYnmqêr + l′n

(
∂ϑYnmqêϑ + 1

sin ϑ
∂ϕYnmqêϕ

)]
. (12)

In the CE frame, using (3) and substituting (12) into (4),  the
eocenter motion caused by present-day surface mass change is:

e
gc = re

cm − re
cf = 4�a3

√
3ME

(
1 − h′ce

1 + 2l′ce
1

3

)

×
(

�11c êx + �11sêy + �10c êz

)
, (13)

here re
cm is the displacement of CM due to active surface mass

edistribution, and re
cf

is the displacement of CF due to elastic defor-
ation caused by the active redistribution.

.2. Viscoelastic Earth deformation

Over longer periods (103–106 years), the solid Earth behaves
ore like a linear Maxwell viscoelastic body. Today the Earth

ontinues to respond to the massive late-Pleistocene deglaciation
vents that occurred thousands of years ago. At present, the viscous
ebound (GIA) signatures appear as constant time rates of change
uch as geocenter velocity, uplift and geoid change rates. These
ust be distinguished from present-day surface mass trend (PDMT)

ignatures that are also measured by modern geodetic techniques.
For a Maxwell viscoelastic rheology, the constitutive relation is:

˙ ij +
(




�

)  (
Tij − 1

3
Tkkıij

)
= 2
Ėij + 	Ėkkıij, (14)
here double indices imply summations. E is the strain tensor, and
 is the viscosity. It can be shown that in the Laplace transform
omain, the constitutive relation retains the form of Hooke’s law in
8), however, the Lamé parameters become functions of frequency,
namics 58 (2012) 44– 61

s.  Therefore, the viscoelastic equations can be solved using the Cor-
respondence Principle, i.e. we  can now employ the elastic solutions
to the Laplace transformed version of the corresponding viscoelas-
tic equations (Vermeersen et al., 1996). The time domain response
can then be found by performing the inverse Laplace transform
(Wu,  1978). Similar to the previous section, the load Love numbers
and Green’s functions are used to describe Earth’s responses to an
impulse point load (Peltier, 1974). Here, in the frequency domain,
a generic s-domain Love number �n is first expanded as a Laurent
series with first order poles, and the corresponding time domain
load Love number is a sum of relaxation modes:

�n(s) = �E
n +

∑
j

rj

s + sj
, �n(t) = �E

nı(t) +
∑

j

rje
−sjtH(t), (15)

where �E
n is the elastic load Love number. sj are the inverse relax-

ation times of the modes and can be found as roots to the secular
determinant equation of the free problem with the homogeneous
boundary condition. rj are the strengths of the modes and can be
determined by complex contour integration using the residue the-
orem. ı(t) and H(t) are the Dirac delta and Heaviside step functions,
respectively. By convolving the spatiotemporal distribution of the
load with the Green’s functions, we  can derive the Earth responses
(e.g., Han and Wahr, 1995). The viscoelastic theory also includes an
elastic component in (15). This factor is important for modeling his-
torical records, but does not affect the current GIA signatures that
are due to historical deglaciation. Finally, the GIA-induced geoid
trend and surface velocity can be written, respectively, as:

Ṅ� =
∞∑

n=2

n∑
m=0

∑
q=c,s

4�a3

ME(2n  + 1)
�̇�,k

nmqYnmq, (16)

and

ṙ� = 4�a3

ME

∞∑
n=1

n∑
m=0

∑
q=c,s

1
2n + 1

×
[

�̇�,h
nmqYnmqêr + �̇�,l

nmq

(
∂ϑYnmqêϑ + 1

sin ϑ
∂ϕYnmqêϕ

)]
, (17)

where

�̇�,i
nmq =

∑
j

(−snj)r
i
nj

t∫
−∞

�nmq()esnj(−t)d, (18)

and the superscript i can be either k, h, or l for potential, vertical,
or horizontal coefficients.

As with the elastic case, the n = 1 case is again different from
the other angular degrees. Specifically, the M0  mode and the G
mode associated with density contrasts across the surface and the
inner/outer core boundary do not exist and only one viscoelastic
mode exists for each viscoelastic interface (Greff-Lefftz and Legros,
1997). Such GIA-induced deformation, however, only causes the
CM to move with respect to the CE by a tiny amount (0.04 mm/yr)
at present. This is due to the fact that the historical forcing does not
involve any active change in the present-day surface load except
the equilibrium passive redistribution of oceanic water mass in
response to the changing geoid and crust (Klemann and Martinec,
2009). As a result, the relations (10) still hold for the case of the
viscoelastic Earth. In other words, there is no difference between

the viscous components of any load Love number in the CM and CE
frames that have negligible motion relative to each other as a result
of the impulse load forcing. Therefore, in the CE frame, ṙ�

cm ≈ 0
and substituting (17) into (4),  we  obtain GIA-induced geocenter
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Fig. 2. Evolution of coordinate components of geocenter motion, CM and CF, in
the CE frame as functions of time during the last glacial cycle. The loading model
is  ICE-5G. The Earth rheological profile LM+  is used, which assumes a 90-km thick
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the GRACE data. On the other hand, as we shall see in Section
5, GRACE’s n ≥ 2 global gravity measurements can also contribute
greatly to the determination of �1mq when combined with other
data.

Table 1
Effects of 1 mm geocenter motion component on GRACE mass change determination.

Region Mean water thickness (mm) Mass (gigaton)

GX GY GZ GX GY GZ

Global ocean −0.46 −0.26 −0.51 −173 −95 −190
Ocean (±66◦) −0.5 −0.26 −0.62 −173 −90 −215
Arctic ocean 0.1 −0.02 5.1 0.9 −0.3 70
Antarctica 0.04 0.38 −5.1 0.5 5 −69
Greenland 1.1 −1.0 5.0 2.5 −2.2 11

GRACE’s mass budget estimate requires a complete surface mass variation spectrum
including the degree-1 coefficients, which are not measured by the mission science
data system but supplemented using equivalent geocenter motion estimates. The
values in the table show net mean equivalent annual water thicknesses and mass
over geographic regions due to including degree-1 coefficients that correspond to
1  mm geocenter motion along the coordinate axes. The same values show time rates
of  change in the mean thickness or mass (mm/yr or gigaton/yr) due to degree-1
f  1 × 10 Pa s.

dapted from Klemann and Martinec (2009).

elocity:

˙ �cm − ṙ�
cf = −ṙ�

cf = − 4�a3

3
√

3ME

×
[

( �̇�,h
11c + 2 �̇�,l

11c)êx+( �̇�,h
11s + 2 �̇�,l

11s)êy + ( �̇�,h
10c + 2 �̇�,l

10c)êz

]
, (19)

which, according to (18), depends on ice history and Earth rheol-
gy through the relaxation mode parameters. Although the current
M–CE motion due to historical deglaciation is tiny and is neglected
ere, it is possible to include it either as a part of PDMT (Wu et al.,
010b) or (preferably) GIA.

Recently, a time differencing and spectral-finite element
pproach to the initial/boundary value viscoelastic problem in
he time domain has been applied to model the n = 1 GIA defor-

ation (Klemann and Martinec, 2009). Both the modal and time
ifferencing approaches suggest that late Pleistocene deglaciation
vents drive a significant amount of historical and present-day
eocenter motion. The magnitude and direction of this geocenter
otion depend strongly on lower-mantle viscosity and deglacia-

ion history, and to a lesser extent, on upper-mantle viscosity and
ithospheric thickness (Greff-Lefftz, 2000; Klemann and Martinec,
009).

Fig. 2 shows the displacements of CM,  CF and geocenter motion
CM–CF) during the last glacial cycle in the CE frame using the
CE-5G (Peltier, 2004) loading model and the LM+  (Klemann and

artinec, 2009) Earth rheology profile. Dependences of current
IA-induced geocenter velocity on Earth rheology and deglaciation
istory are shown, respectively, in Figs. 3 and 4. Historical geocen-
er motion due to n = 1 internal load-induced deformation has also
een studied over even longer time scales using the Maxwell vis-
oelastic theory (Greff-Lefftz and Legros, 1997; Greff-Lefftz et al.,
010).

Here we conclude the theoretical survey. We  have presented the
heoretical development of geocenter motion for both elastic and
iscoelastic Earth models. Both developments are necessary as the
otal observed present-day secular trend in geocenter is the sum of
 PDMT and a GIA component. Specifically, the secular geocenter
otion takes the form of the time derivative of Equations (13) plus

19).
namics 58 (2012) 44– 61 49

3. Geophysical causes

3.1. Seasonal and interannual surface mass transport

External energy, i.e. heating from the Sun, drives the horizon-
tal redistribution of continental water, oceanic, and atmospheric
mass at the Earth’s surface. These mass redistributions cause signif-
icant seasonal and interannual geocenter motion with amplitudes
of a few mm.  Snow and water over continents are the largest con-
tributors to geocenter motion as compared to the atmosphere and
the oceans. Further, there is a clear annual cycle in the pattern of
hemispheric water mass exchange, with the northern hemisphere
having more mass during the northern hemisphere winter.

The contributions of continental hydrology, oceans, and atmo-
sphere have been studied using geophysical models (Dong et al.,
1997; Chen et al., 1999; Bouille et al., 2000; Cretaux et al., 2002;
Moore and Wang, 2003; Feissel-Vernier et al., 2006; Collilieux
et al., 2009). Although many of the component models are
incomplete and not well constrained by data, the predicted
seasonal geocenter motions from the models tend to agree rea-
sonably well with geodetic observations. However, an accurate
assessment of the contributions of polar ice sheets is largely
missing from the models. In addition, the long-term model per-
formances over the regions covered by observations remain highly
uncertain.

The GRACE mission has contributed significantly to our knowl-
edge of the long-wavelength surface-water mass transport at
seasonal time scales and beyond. Unfortunately, GRACE does not
capture the degree-1 effects. In the CM frame, the n = 1 terms in
(11) all vanish because k′cm

1 = −1. In reality, the longest wavelength
components of the global surface mass variation (�1mq) will not
be zero, and are critical for accurate assessments of geographi-
cal water mass budgets. For example, let’s determine the impact
of adding 1 mm geocenter motion (or the equivalent n = 1 surface
mass variation) to the geographical water mass budget determined
from GRACE data. Table 1 shows the mean equivalent change
in annual water thicknesses over various geographic regions due
to this 1 mm geocenter motion. The values in the table can be
applied to both amplitude and trend computations. The estimated
effects of water mass change due to the unobserved geocenter
motion in GRACE are non-negligible. Therefore, to monitor the
complete spatial spectrum of water mass redistribution, geocenter
motion has to be measured to sufficient accuracy to supplement
trends that correspond to 1 mm/yr geocenter velocity. The table can also be used
to propagate uncertainties of geocenter motion estimates into geographical mass
budget estimates.
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Fig. 3. Dependence of current (negative) geocenter velocity on individual Earth-model parameters. The reference values of ICE-5G and LM+  are used for unperturbed
parameters. a) Velocities for different lower-mantle viscosities, b) velocities for different upper-mantle viscosities, c) velocities for different lithospheric thicknesses. Left
panels show the directions of CF velocity relative to CM (the negative geocenter velocity) projected onto Earth’s surface. Right panels show their amplitudes.

F

3

b

rom  Klemann and Martinec (2009).
.2. Non-seasonal mass transport

Ocean tides, which span the spectrum from the semi-diurnal
and to long periods up to 18.6 years, cause water mass
redistributions that have attracted the attention of load deforma-
tion theorists since very early on (e.g., Farrell, 1972). The induced
semi-diurnal and diurnal geocenter motions have amplitudes of
sub-mm to a few mm per tide (Watkins and Eanes, 1997). All
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Fig. 4. Dependence of current (negative) geocenter velocity on loading scenarios using the LM+  rheology profile and different load fractions of ICE-5G where the total mass
is  not conserved. Left and right panels are like those in Fig. 3. Dashed green denotes motions due to the extended variations of ICE-5G from 0.5 to 2 for Antarctica and the
d  and Ja
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iamond indicates the velocity when ICE-5G in Antarctica is replaced by IJ05 (Ivins

rom Klemann and Martinec (2009).

ogether the tidal contributions to geocenter motion can sum
o about 1 cm (see the Ocean Tide Loading Service website at
ttp://www.oso.chalmers.se/∼loading/cmc.html).

The geocenter motion for the long-period tides are much
maller, usually less than 0.5 mm for the individual terms but these
ay  also not be entirely negligible (Scherneck et al., 2000; Cretaux

t al., 2002). Ocean tides measured by the TOPEX/Jason altimeter
ission series, within the ±66◦ latitude-band, have successfully

ontributed to the improvement of data-assimilated hydrodynamic
cean tide models. They have been used to compute the induced
eformation as well as geocenter motion (Scherneck et al., 2000).
lthough many modern global ocean tide models cover the Arctic
nd Southern Oceans, the accuracies there remain doubtful due to
he limited observations in these remote regions. Accurately deter-

ined geocenter motion can thus potentially add to our knowledge
f global ocean tides.

The consideration of tides within the atmosphere is currently
estricted to the diurnal S1 and semi-diurnal S2 thermally driven
odes. The IERS Conventions (Petit and Luzum, 2010) recommend

he pressure tide model of Ray and Ponte (2003),  for which the cor-
esponding geocenter motion is given. Variations reach the level of
bout 1 mm,  with the greatest effects occurring near the equatorial
lane where the solar forcing is greatest.

According to the IERS Conventions, geodetic data analyses
hould account for tidal variations using the recommended mod-
ls a priori in the station displacement of all techniques and in
he geopotential and geocenter motion for satellite tracking obser-
ations. Consequently, the measurement results should be free of
hese tidal geocenter motions to within the accuracy of the models
hemselves.

In addition to these tidal effects, daily or sub-daily non-tidal
tmospheric, oceanic, and hydrological activities can also induce
eocenter motion. Among those, only the atmospheric circulation
as been studied with the conclusion that the amplitudes here are
enerally very small (de Viron et al., 2005). The contribution to
eocenter motion by the global vegetation biomass is even smaller
ith amplitudes on the order of a few tens of micrometers (Rodell

t al., 2005).
Within the interior of the Earth, the Slichter elasto-gravitational

ormal modes involve translational oscillations of the inner core.
f excited, these modes can generate geocenter motion at peri-
ds around 4–5 h. The detection of the Slichter triplet is still being

ebated (Smylie et al., 1993; Hinderer et al., 1995), possibly due
o a limited signal-to-noise ratio. Nonetheless, the amplitudes of
he geocenter motion due to the Slichter modes will be small
<0.1 mm)  (Greff-Lefftz and Legros, 2007). Core boundary pressure
mes, 2005).

variations over decadal time scales are another possible internal
loading mechanism that might drive geocenter motion. This mech-
anism is estimated to contribute to geocenter motion at the level
of ∼0.3 mm (Greff-Lefftz and Legros, 2007).

Earth’s deep interior remains a major scientific frontier where
many processes and parameters are not known with sufficient
certainty. Therefore, it is not clear how realistic the orders of mag-
nitude of the above estimates are. In any event, geocenter motion
of this magnitude could be significant. Therefore, the core pressure
variation processes should be studied further.

3.3. Long-term mass transport processes

Thus far in this Section, we have focused on geocenter
motions driven by surface mass loading at elastic time scales.
The most significant surface mass transport is the dramatic late-
Pleistocene melting of the continental glaciers that covered much
of North America, Fennoscandia, and elsewhere, as well as areas of
Antarctica and perhaps part of Greenland. As a result, the eustatic
mean sea level has risen about 120 m over the past ∼21,000 years.
The solid Earth’s continuing response (GIA) to the unloading conse-
quently results in a current geocenter velocity of less than 1 mm/yr
(Greff-Lefftz, 2000; Klemann and Martinec, 2009). This viscoelas-
tic signal is indistinguishable from the PDMT-induced geocenter
velocity observed in many geodetic data sets. To study GIA or mea-
sure PDMT alone, their geocenter motion signatures need to be
separated in the observations.

The importance of n = 1 deformation for GIA has long been rec-
ognized (e.g., Farrell, 1972; Peltier, 1974). The correct inclusion of
accurate n = 1 terms in the sea level equation solver over history
may  be critical in GIA model predictions, especially for globally
averaged quantities such as the GIA correction for altimetric or
tide gauge determinations of mean sea level rise. However, because
of difficulties associated with the special boundary conditions, the
actual implementation of such terms has been slow in the GIA mod-
eling community. And it is not clear if many GIA model predictions
of surface velocity include the correct n = 1 components.

Currently, most GIA models, although more or less constrained
by various data, are largely based on forward-fitting approaches,
which contain inherent ambiguities and cannot provide reliable
quantitative uncertainty assessments. Consequently, many model
predictions may  contain unknown but potentially large errors. On

the other hand, if any GIA quantities can be uniquely measured,
they can be used to improve our understanding of the complex
process. Although the geocenter velocity’s constraint on GIA is non-
unique, it represents the longest wavelength rebound process of

http://www.oso.chalmers.se/~loading/cmc.html
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he solid Earth. As such, geocenter velocity may  provide the much-
eeded sensitivity to the deepest part of the mantle allowing us to
vercome the current ambiguities in viscosity inference (Paulson
t al., 2007) when combined with other data.

On even longer time scales, plate motion, slab subduction,
antle upwelling plumes, and the resulting mantle density hetero-

eneity will also drive geocenter motion. For example, since oceanic
rust is denser than that of the continental crust, isostasy dictates
hat the latter should have higher columns above the equilibrium
epth and thus higher topography. The horizontal movement of
opography associated with plate motion will then change the CF.
ver time, these slow phenomena can create large offsets, up to
undreds of meters, between CM and CF. When the evolution of
he internal load is reasonably inferred from other sources, then
hese processes may  be able to explain a significant bulk of the cur-
ent static offset between CM and CF. However, these processes are
o slow that their contribution to present-day geocenter motion
re generally negligible (Greff-Lefftz et al., 2010).

. Geodetic implications

.1. Geocenter motion and reference frame

Geocenter motion is an important translational mode of Earth’s
ime-variable shape. Since the long-term mean CM is theoretically
efined as the origin of ITRF, geocenter motion naturally enters

nto the measurement equations of most large-scale geodetic sys-
ems and is intimately related to the accuracy and stability of the
TRF origin. Consequently, accurate modeling or determination of
eocenter motion at time scales appropriate for the duration of
ystems’ operations will improve the integrity and accuracies of
he geodetic solutions. In addition, and as mentioned in the Intro-
uction, the accuracy with which a geodetic system can determine
eocenter motion has been recognized as an excellent overall sys-
em performance indicator.

Currently, there are two interrelated challenges for a consistent
ormulation of geocenter motion in the geodetic systems. The first
s the desire to have the instantaneous CM as the coordinate ori-
in for most orbit determination procedures while the ITRF origin
s at the long-term mean CM.  Secondly, even though a consistent
ormulation does exist (Heflin et al., 1992; Rülke et al., 2008), many
eodetic systems do not have sufficient accuracy or the temporal
esolution by themselves to actually provide instantaneous geo-
entric positions. For example, SLR, which currently is the most
ccurate satellite tracking technique for geocenter motion, still
hows a rather large scatter in its geocenter motion time series
t sub-annual time scales that most likely reflects system noise
Collilieux et al., 2009). The Z-component is usually the poorest
etermined by SLR, as well as by other satellite techniques, due
o limited tracking from high latitudes and the orbital inclination
overage of the geodetic satellites.

As a result, many low Earth orbiters contain sub-secular trajec-
ory errors due to the difference between the instantaneous CM
nd the realized ITRF origin having amplitudes of a few mm,  and
his may  be significant depending on the scientific objectives of the
rbiter missions. In addition to the continuous improvements to the
arious geodetic systems, it appears that discrete global coordinate
ime series in a reference frame with the origin at the nearly instan-
aneous CM could help to improve this situation. Such time series
ould combine the strengths of the different observing techniques

nd provide nearly instantaneous datum information to systems

hat lack or are weakly sensitive to such information. Another
pproach is to adopt modelled or predicted geocenter motion from
xternal sources, if reliable information is available. For example,
lthough the post-TOPEX ocean tide models are not perfect, their
namics 58 (2012) 44– 61

predicted contributions to geocenter motion are accurate enough to
be included in the geodetic data modeling rather than just ignored,
a circumstance that is generally true for tidal effects. The situation
is less favorable for non-tidal geocenter modeling. However, inde-
pendently measured or inferred geocenter motion time series of
sufficient accuracy are available (see Section 5) and can be used a
priori to help improve the orbit determination procedure, similar
to existing models for the ground motion of tracking stations.

At the secular time scale, the ITRF origin is defined at the mean
CM.  Due to measurement errors and model deficiencies, the coor-
dinates and velocities of the ITRF stations and CN contain errors,
both random and systematic. A modified description “origin of the
realization” inherent in the ITRF coordinate and velocity estimates,
is often used to indicate that it could be different from the mean
CM due to these errors. The origin (and scale) realization errors
(including an epoch offset and a linear drift in time) are quantified
by the translations (and scale factor) of the Helmert transformation
between the estimated and true station coordinates and velocities.
Also, Helmert transformations between different ITRF realizations
show closure errors that reflect origin offsets and drifts. These two
descriptions, however, are equivalent, since the origin realization
errors are the same as the negative values of CN coordinate and
velocity errors in the mean CM frame. In this sense, the ability of
a particular ITRF solution to determine the geocentric position and
velocity of CN is a direct measure of accuracy and stability of its
realized origin (Wu et al., 2011).

4.2. Geocenter motion and sea level

Global mean and regional sea levels have significant impacts on
societies of the world. The geocentric global MSL  rate determined
by TOPEX/Jason altimetric missions since 1992 is about 3 mm/yr
(e.g., Lemoine et al., 2010). This level of sea level rise is of the same
order of magnitude as the GIA-induced geocenter velocity and the
suspected present-day ITRF origin drift error. Annual global MSL
variations have amplitudes also at the level of a few mm.  Therefore,
understanding the impact of geocenter motion and improving the
stability of the ITRF origin are critical for accurately determining
sea level changes and their physical sources.

The regional geocentric sea level rates are significantly affected
by any ITRF origin drift error, while the effect on the geocentric
global MSL  rate is reduced to about 12% of the origin drift in the
polar direction and still not entirely negligible (Morel and Willis,
2005). Moreover, altimeters may  contain possible biases and drifts,
which are monitored and validated by comparisons with tide gauge
measurements. The validation procedures may  use GNSS (mostly
GPS) to convert the locally measured relative sea level rates to geo-
centric, and thus may  be significantly perturbed by any ITRF scale
and origin drift errors due to a substantial north–south hemispheri-
cal site distribution imbalance or bias (Collilieux and Woppelmann,
2011). Another important sea level signature is the non-uniform
sea level fingerprint patterns of melt-runoff water (Mitrovica et al.,
2001). To measure and distinguish such subtle patterns is a real
challenge that requires a very stable ITRF origin, among other
things. Consequently, more consistent and accurate ITRF realiza-
tions will be crucial to monitor geocentric global and regional mean
sea level rates to an accuracy of 0.1 mm/yr.

The impact of sea level changes on communities is clearly rel-
ative to the coastal land. The mechanisms of thermal expansion,
salinity change, and non-steric mass additions all affect the oceanic
water volume or heights above the crust (Blewitt, 2003). Such rel-
ative sea levels are measured via local tide gauges, or deduced

from nominally geocentric sea levels using satellite altimetry. The
importance of n = 1 surface mass variations and their equivalent
geocenter motion on the non-steric sea level determination by
GRACE has already been discussed and listed in Table 1. Here, to
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onvert altimeter-measured sea level changes from geocentric to
elative, the motion of oceanic crust relative to CM is required.
ince the oceanic area has few geodetic sites, such motion might be
etter determined using geophysical models (Douglas and Peltier,
002) or inverse approaches that seek to estimate major geophysi-
al processes affecting the ocean floor (Wu et al., 2010b).  A primary
ontributor to the geocentric sea floor movement is subsidence due
o GIA (Douglas and Peltier, 2002) with a predicted global mean rate
f −0.3 mm/yr for the geocentric geoid height. With the addition of
he GRACE gravity data as a technique for improved measurements
f surface mass variability, better ocean monitoring capabilities,
mprovements in geocenter motion determination, and geophysi-
al models, significant progress can be expected in the coming years
owards measuring and understanding global mean and regional
ea level changes to the level of 0.1 mm/yr.

. Measurements

The following two subsections are devoted to a review of the
irect satellite tracking and inverse methods for estimating geo-
enter motion at sub-secular time scales. Measurements of secular
eocenter motions or geocenter velocities due to PDMT and GIA
ace unique difficulties and will be discussed separately.

.1. Translational approaches

Since satellites orbit CM and because geodetic stations are
ocated on the surface of the solid Earth, the feasibility of deter-

ining geocenter motion using satellite tracking has long been
ecognized (Stolz, 1976; Vigue et al., 1992). However, the small
mplitude of the geocenter motion, the noise in observational
ata sets, and uncertainties in background models make such a
etermination very demanding. The first credible seasonal and
idally coherent geocenter motion determinations were made
sing LAGEOS satellite laser ranging (Eanes et al., 1997; Watkins
nd Eanes, 1997; Cheng et al., 2010). With the coordinate origin
f the satellite orbit determination system defined at CM,  a time
eries of (e.g., weekly, monthly, or tidally coherent) net transla-
ional offsets characterizing the mean motion of the network was
ntroduced into the observation equation of each tracking station
nd estimated in the solution such as ri(t) − rcm = T(t). Note that
i(t) − rcm is the incremental geocentric coordinate vector for the ith
ite. With a variant form reported earlier that also estimates coor-
inates for non-fiducial stations (Vigue et al., 1992), the method is
ometimes referred to as the kinematic approach and has also been
pplied to geocenter motion measurements using GPS tracking of
he GRACE satellites (Kang et al., 2009). With equal weighting of
he stations, it can be shown that the estimate is:

ˆ(t) =
N∑
i

ri(t)
N

− rcm (20)

Apparently, this is an unbiased estimate of the negative of the
eocenter motion between CM and CN, despite the fact that no
ndividual site displacement is allowed in the solution.

A fiducial-free transform approach is widely used in GPS solu-
ions (Heflin et al., 1992; Blewitt et al., 1992). This technique
stimates every station coordinate component and assigns a large

 priori uncertainty of 1 m.  The exact relation between the fiducial-
ree GPS solution and the ITRF coordinates can be written as (e.g.,
regoning and van Dam, 2005):
cm
i = X̄

cn
i + εcn

i + AiT, (21)

here the epoch fiducial-free coordinates for the ith site xcm
i

are

n the CM frame. X̄
CN
i are the ITRF coordinates linearly mapped to
namics 58 (2012) 44– 61 53

the solution epoch for the ith site. At sub-secular time scales, the
ITRF coordinates contain no non-linear motion. The realized origin
is thus inherent in the constant coordinates of the network and
remains fixed relative to the crust, or more precisely, fixed relative
to CN. Thus the ITRF is often referred in the literature, as a CN frame
for these time scales even though the realized ITRF origin has a
constant offset from CN and the frame is CN fixed only in terms
of motion, which concerns us here. εcn

i
is the displacement also in

the same CN frame. T is the vector of transformation parameters.
Ai is the site-specific matrix of partial derivatives. Ignoring εcn

i
, the

similarity (Helmert) transformation parameters are then estimated
between x containing fiducial-free coordinates of all sites xcm

i
, and

X̄ containing all ITRF coordinates X̄
CN
i :

x − X̄ = AT, (22)

This procedure is often referred to as the network shift approach,
which is very similar to the kinematic approach. The ignored εcn

i
has no effect on the estimated transformation parameters if equal
weights are used and no scale offset is estimated simultaneously.
This is because the sum of εcn

i
vanishes by definition (Tregoning and

van Dam, 2005). Estimating a scale offset complicates matters and
can result in additional errors not only in the CN–CM measurement
but also in the transformed coordinates (Tregoning and van Dam,
2005; Lavallée et al., 2006). Historically, GPS scale (height) informa-
tion has been considered quite weak in an absolute sense because of
intrinsic correlations with local troposphere parameters and with
antenna phase corrections (Ge et al., 2005; Cardellach et al., 2007;
Schmid et al., 2007). Estimating a scale factor and transforming
to the CN frame is equivalent to borrowing the scale information
from the ITRF, which is determined independently from SLR and
very long baseline interferometry (VLBI) data. The reason for the
additional error is that the current ITRF solutions are long-term
realizations that use a linear station motion model and are there-
fore not consistently similar in shape to the near-instantaneous
GPS frames that are continuously deformed by loading and other
effects. As the GPS system and global loading models improve, such
a practice might need to be modified. Similar approaches have been
applied to measure geocenter motion using SLR and DORIS track-
ing of LAGEOS-1 and 2, TOPEX, SPOT satellites (Bouille et al., 2000;
Cretaux et al., 2002; Moore and Wang, 2003; Feissel-Vernier et al.,
2006; Gobinddass et al., 2009).

A third method is the dynamic approach that uses a reference
frame fixed on the surface of the Earth and estimates three n = 1
geopotential coefficients at regular intervals (Kar, 1997; Pavlis,
1999; Guo et al., 2008). Because of complications associated with
dynamic parameter implementation and the non-inertial frame, it
has not been used widely.

The LAGEOS satellites and orbits were designed specifically
for high-accuracy geodesy, employing small, dense, simple, pas-
sive bodies at altitudes amenable to high-quality dynamic orbit
modeling. However, the number of operational SLR ground track-
ing stations is sparse, poorly distributed geographically, and still
primarily restricted to night-time observing. While the DORIS
system has excellent geographic distribution, the positioning infor-
mation is less accurate than SLR and GPS, and the satellites
tracked present significant challenges to precise orbit determina-
tion (Feissel-Vernier et al., 2006; Gobinddass et al., 2009). Current
results indicate that the DORIS geocenter results are noisier and less
stable than those of SLR (Gobinddass et al., 2009; Kuzin et al., 2010;
Altamimi et al., 2011). The GPS system has the highest station and
data density, but complicated surface force modeling, the different

blocks of satellite design, tropospheric delay modeling/estimation,
and transmitter/receiver phase center calibrations create many
complications for geocenter motion determination. Moreover, GPS
results are especially sensitive to the empirical orbit parameters
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Table 2
Measured and predicted annual geocenter motion.

Studies x y z Time span

Amp. (mm)  Phase (day) Amp. (mm)  Phase (day) Amp. (mm) Phase (day)

SLR KA (Eanes et al., 1997) 2.2 60 3.2 303 2.8 46 1992.7–1997.0
SLR  KA (Bouille et al., 2000) 2.1 ± 0.5 48 2.0 ± 0.5 327 3.5 ± 1.5 43 1993.0–1996.8
SLR  KA (Cretaux et al., 2002) 2.6 ± 0.5 32 ± 7 2.5 ± 0.1 309 ± 4 3.3 ± 1.0 36 ± 10 1993.0–2000.0
SLR  KA (Moore and Wang, 2003) 3.5 ± 0.6 26 ± 10 4.3 ± 0.6 303 ± 8 4.6 ± 0.6 33 ± 7 1993.1–2001.7
SLR  KA (Cheng et al., 2010) 3.2 ± 0.4 31 ± 5 2.6 ± 0.4 305 ± 5 4.3 ± 0.3 31 ± 5 2002.0–2010.6
GPS/LEO KA (Kang et al., 2009) 3 ± 0.2 32 ± 14 2.4 ± 0.2 353 ± 14 4.0 ± 0.3 288 ± 16 2003.0–2007.5
GPS  NS (Rebischung et al., 2010) 2.9 363 3.2 319 3.0 168 1997.0–2009.0
GPS  UA (Lavallée et al., 2006) 2.1 ± 0.2 39 ± 4 3.2 ± 0.1 346 ± 2 3.9 ± 0.2 74 ± 2 1997.2–2004.2
GPS  UA (Fritsche et al., 2010) 0.1 ± 0.2 40 ± 93 1.8 ± 0.2 342 ± 11 4.0 ± 0.2 22 ± 6 1994.0–2008.0
INV  (Kusche and Schrama, 2005) 3.9 22 2.7 25 7.6 57 1999.5–2004.5
INV (Wu et al., 2006) 1.8 ± 0.4 46 ± 15 2.5 ± 0.3 329 ± 5 3.9 ± 0.4 28 ± 5 2002.3–2004.2
INV  (Swenson et al., 2008) 1.5 49 2.6 331 1.5 58 2003.0–2007.0
INV  (Wu et al., 2010a) 1.8 ± 0.1 49 ± 4 2.7 ± 0.1 329 ± 2 4.2 ± 0.2 31 ± 3 2002.3–2009.3
INV  (Rietbroek et al., in press-a) 2.1 60 3.4 327 2.6 25 2003.0–2009.0
CLM  (Dong et al., 1997) 4.2 47 3.2 295 3.5 36 1992.0–1995.0
CLM  (Chen et al., 1999) 2.4 26 2.0 0 4.1 43 1992.7–1997.0
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CLM  (Collilieux et al., 2009) 2.1 28 2.1 

he amplitude Ai and phase �i are defined by xi
cm − xi

cf
= Aicos ω(t − t0 − �i). Since

eak  time of the ith coordinate time series. KA: kinematic approach. NS: network s

hat must be used to account for poorly understood solar radiation
ressure effects (Hugentobler et al., 2006). Consequently, credible
quatorial geocenter motion time series from GPS and GPS track-
ng of LEO satellites have emerged only recently (Rebischung and
arayt, 2010; see also Kang et al., 2009 for GPS tracking of low
arth orbiters). With better estimates of transmitter and receiver
ntenna phase center variations (Haines et al., 2004), more accu-
ate solar radiation pressure models, and better understood and
educed draconitic errors (with a period of 351.2 days for the GPS
rbit constellation to repeat its orientation relative to the sun; see
ay et al., 2008), progress is being made to achieve competitive
PS contributions to geocenter motion determination (Weiss et al.,
011). Whether GPS results for the axial geocenter component will
ttain a high level of accuracy remains to be seen.

An apparent advantage of the satellite tracking methods is
hat they determine the absolute location of CM with respect
o Earth’s surface. However, for the purpose of determining the

otion between CM and CF or, equivalently, n = 1 surface mass vari-
tions, a major limitation of the direct satellite methods is that they
se their various CNs to approximate CF. Differences between CF
nd CN (the “network effect”) in annual motion depend on surface
ass variations and network configurations and can reach 1 mm  for

 30-station network (Wu et al., 2002; see also Dong et al., 2002,
nd Collilieux et al., 2009). Such a problem also complicates a direct
omparison of the different techniques. As accuracies of tracking
ystems improve, a more uniform and denser network geometry is
eeded to limit the approximation error. Moreover, as we shall see,

 unified observation model and incorporation of other data sets
an significantly improve geocenter motion results.

.2. Degree-1 and inverse approaches

Although n = 1 deformation has long been known to the
eophysical community, the present-day load-induced motion
etween CE and CF, a function of the n = 1 load Love numbers (see
3) and (13)), is very small (about 2% of CM–CF) and has been right-
ully disregarded (Dong et al., 1997; Chen et al., 1999). Blewitt
t al. (2001),  however, recognized the importance and observabil-
ty of geocenter motion through n = 1 deformation by a globally

istributed geodetic network. They used (12) in (21) to express εcn

i
xplicitly as functions of n = 1 surface mass coefficients. Equation
21) thus becomes a vector observation equation for 3-dimensional
isplacements measured by the GPS system, which is then used to
342 2.7 49 1993.0–2006.0

sually defined as January 1 of a particular year, �i also coincides with the annual
A: unified approach. INV: inverse method. CLM: climate model.

estimate the n = 1 load coefficients and six transformation param-
eters simultaneously.

However, for spatially limited ground networks, the truncated
higher-degree terms in (12) can alias significantly into the esti-
mated n = 1 terms (Wu et al., 2002). To overcome such a difficulty,
a sufficient number of higher-degree terms must be estimated
simultaneously (Blewitt and Clarke, 2003; Wu  et al., 2003; Mendes
et al., 2006). In this spirit, the n = 1 deformation approach really
should be an inverse approach. To overcome the problem of het-
erogeneous GPS site distribution and the severe data sparseness in
the oceanic area, various additional data and improved inversion
methods have been used. Kusche and Schrama (2005) applied a reg-
ularization matrix to constrain the limited oceanic mass variability.
Clarke et al. discuss the gravitational self-consistency and “passive”
response of the oceans to follow the equilibrium, but time-variable,
geoid (Clarke et al., 2005) and demonstrate the method of using
land-only basis functions to invert GPS data for the surface load
instead of the regular spherical harmonic functions (Clarke et al.,
2007).

GRACE gravity data have been incorporated into the GPS inver-
sion to mitigate the aliasing of higher-degree terms (Davis et al.,
2004; Munekane, 2007). The method of least squares with reduced
a priori information under the platform of singular value decompo-
sition proposed by Matsu’ura and Hirata (1982) has been used by
Wu et al. (2006) to combine GPS data with a data-assimilated ocean
bottom pressure (OBP) model as well as GRACE data to estimate
surface mass variations up to degree and order 50. GRACE gravity
data have also been combined with ocean bottom pressure mod-
els by Swenson et al. (2008) to derive n = 1 surface mass variations
and geocenter motion. The information contents of the various data
sets in the combinations, technical issues such as GPS data lacking
network scale information on sub-secular time scales, and realistic
accuracies and data weights have been discussed in detail recently
(Jansen et al., 2009; Munekane, 2007; Rietbroek et al., 2009, in
press-a).

The inverse approaches that use data combinations generally
produce more stable geocenter motion time series with less tem-
poral scatter than the direct satellite results (Figs. 5 and 6). But most
of the annual results from the two approaches agree reasonably
well with each other and with model predictions (Table 2), espe-

cially considering the difference between CN and CF. To mitigate
the effect of relative motion between CN and CF, Collilieux et al.
(2009) compared model-predicted and inverse-estimated geocen-
ter motion time series between CM and the CN of a particular SLR
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geodetic data and ocean models as well as the optimal weighting
ented against the respective values of January 2003. 1 − � error bars are shown
nly at beginnings of time series.

etwork with the direct SLR measurements (Fig. 7). The annual
ycles are quite similar despite high noise in the SLR data. As the
LR ground network improves, and the GPS network shift approach

ecomes more competitive, an optimal approach is to combine
he translational and inverse approaches together using the uni-
ed observation equations for all ground geodetic measurements
Fig. 6. Detrended weekly geocenter motion time series obtained by inverting a com-
bination of GRACE, GPS, and simulated OBP (using the FESOM model) data. (Adapted
from Rietbroek et al., in press-a. Similar to Fig. 5 otherwise.)

(Lavallée et al., 2006; Rülke et al., 2008; Fritsche et al., 2010). Instead
of solving for T and εcn

i
(�nmq) in (21) as independent parameters,

both should be written as functions of �nmq, which are then esti-
mated. Recent homogeneously reprocessed GPS data have clearly
improved the inverse results. However, to reconcile the remaining
differences among solutions, and noting that geocenter motion may
vary strongly over time, the issues of further systematic errors in the
of the data sets should be examined further. The effects of eustatic
ocean mass addition and the time-variable equilibrium oceanic
geoid on various inversions should also be examined.
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igure from Collilieux et al. (2009).

.3. Geocenter velocity

Measuring geocenter velocity due to both PDMT and GIA is
omplicated by several factors. The direct satellite measurement
sing the time derivative of (20) can only hope to determine the
otal velocity between CM and CN. But here, differential motion
etween CF and CN due to other geophysical processes may  be
onsiderable. For example, the horizontally moving tectonic plates
n Earth’s surface do not result in significant geocenter motion.
owever, if tracking sites are concentrated on one or a few plates,

he direct satellite determination will have a sizable apparent
otion between CM and CN. Estimating plate and geocenter motion

ogether may  largely mitigate this aliasing problem (Argus, 2007).
owever, the effects of PDMT and GIA on the CF and CN differ-
nce have not been quantitatively evaluated. Moreover, the current
ealized ITRF origin may  have a drift error at the level of 1 mm/yr
Altamimi et al., 2007), which, as discussed in the last section,
s the same error in CM–CN determination. Note, however, that
ore recent analysis indicates an ITRF origin uncertainty closer to
.5 mm/yr (Wu et al., 2011). Errors at this level would limit the use-
ulness of the direct satellite tracking results, considering that the
mplitude of the signal is at the same level. Incidentally, Métvier
namics 58 (2012) 44– 61

et al. (2010) have considered the possibility of acceleration in geo-
center motion due to accelerated mass losses over polar ice sheets,
and concluded that the acceleration is too small to explain the large
origin drift between the 2000 and 2005 ITRF realizations.

Inverse approaches to geocenter velocity have the potential to
separate the contributions of PDMT and GIA using multiple data
sets. GRACE gravity data from 2 ≤ n ≤ 60 and two  ocean bottom
pressure models have been combined to estimate geocenter veloc-
ity due to PDMT, after the GIA signatures have been removed from
GRACE data using the standard ICE-5G/VM2 model (Swenson et al.,
2008). An approximate eustatic correction may  have also been
applied to the OBP models. As discussed above, the GIA model
may  contain unknown and potentially large errors. To overcome
this difficulty, a global inversion of a combination of GRACE, OBP,
and surface velocity data has been carried out to estimate PDMT
and GIA signatures simultaneously including their separate con-
tributions to geocenter velocity (Wu et al., 2010b). The kinematic
inversion was aided by reduced and dynamically constructed a pri-
ori GIA information including a full covariance matrix to exploit the
intrinsic relationships among the signatures and to ensure that the
inverted coefficients are dynamically consistent. Recently, GRACE
and Jason altimetry data have been combined with various models
to improve amplitudes of variation patterns described by physical
and statistical models (Rietbroek et al., in press-b). The geocenter
velocity results are listed in Table 3. In general, the estimated PDMT
contributions have the same order of magnitude, but the results
depend quite strongly on the different OBP models used in each case
and on the altimeter/steric model with significant differences. The
agreement on the Z-component of the GIA contribution is particu-
larly encouraging at this early stage of investigation into this rather
complex problem, probably due to the fact that the Laurentide
deglaciation is the dominant driving force for this phenomenon.

6. Discussion

Similar to Earth rotation (equivalent to n = 2 constituents of their
mass-driven excitations), geocenter motion and the associated n = 1
surface and internal mass variations are among the longest wave-
length global change phenomena. As millimeter geodesy becomes
a reality, it has become increasingly apparent that the study of geo-
center motion is an important and fundamental branch of research
in the field of global geodesy. Geocenter motion is also intimately
related to the origin of the ITRF, a principal datum for global change
monitoring. In addition, since geocenter motions contain signa-
tures from both present-day load changes and GIA signatures,
observing these motions to a high precision has significant prac-
tical geodetic and geophysical implications for the measurements
and interpretations of sea level change, ice mass balance, ice mass
history, rheology, and mantle convection. In this section, we  dis-
cuss the prospects for improving our ability to measure/observe or
model geocenter motions.

6.1. Prospects for geodetic measurements

The origin of the ITRF, currently realized using only SLR data, is
ideally defined at the long-term mean CM.  The ability of the partic-
ipating geodetic satellite systems (SLR, GNSS, DORIS) to determine
geocenter motion is directly related to the accuracy and stability
of the realized ITRF origin. To achieve an accurate and stable ITRF
for global change monitoring at the level of 0.1 mm/yr, significant
improvements must be made to tracking data yields and precision,

ground network geometry and density, consistency and accuracy
of dynamic and kinematic models, and estimation strategies.

Another issue is that the linear motion model employed by the
ITRF prohibits the full exploitation of the combined strengths of
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Table  3
Measured and predicted secular geocenter motion in mm/yr.

Studies Present-day surface mass trend GIA

x y z x y z

GR + ECCO (Swenson et al., 2008) −0.12 ± 0.04 0.07 ± 0.03 −0.14 ± 0.05
GR  + OMCT (Swenson et al., 2008) −0.20 ± 0.04 −0.02 ± 0.03 0.06 ± 0.05
GR  + ECCO + SV (Wu et al., 2010b) −0.08 ± 0.04 0.29 ± 0.05 −0.16 ± 0.07 −0.10 ± 0.01 0.11 ± 0.02 −0.72 ± 0.06
GR  + Jason-1 (Rietbroek et al., in press-b) −0.14 0.12 −0.37 −0.14 0.31 −0.71
ICE-5G/IJ05/VM2 −0.12 0.24 −0.48
ICE-5G/LM+ (Klemann and Martinec, 2009) −0.13 0.33 −0.80

GR – GRACE data.
ECCO – Data-assimilated OBP model of the consortium for estimating the circulation and climate of the ocean.
OMCT – Simulative OBP model of the ocean model for circulation and tides.
SV – Surface velocities from space geodesy.
ICE-5G – Ice history model (Peltier, 2004).
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J05 – Ice history model for Antarctica (Ivins and James, 2005).
M2  – Earth rheology model (Peltier, 2004).
M+  – A mantle viscosity profile that has a lower-mantle viscosity 20 times larger t

he different geodetic techniques at sub-secular time scales, and
reates some conceptual difficulties. For continuous global change
onitoring by satellite gravity missions, a research version of refer-

nce frame realizations with an origin at the nearly instantaneous
M may  be useful. The International GNSS Service (IGS) provides

 product stream of coordinate time series at weekly intervals
n the ITRF frame whose origin is crust-fixed at sub-secular time
cales while kinematically extracting the weekly apparent geo-
enter motion as a Helmert translation. Producing an analogous
roduct based on all four geodetic observing systems (including
lso VLBI) in a unified geocentric reference frame is much more
ifficult because inter-system tie measurements are made only

nfrequently and the tie discrepancies are troublingly large com-
ared to the internal frame precisions. Since the CM is sensed
y tracking spacecraft in orbits that are subject to perturbations
f numerous forces, the uncertainties in dynamic orbit model-
ng and antenna phase center biases for GPS and range biases
or SLR appear to be the major limiting factors. For geocenter

otion and particularly for n = 1 surface mass variations, the even-
ual barrier for the direct satellite method may  be the limited
round network geometry and lack of data coverage over the vast
ceanic area. In this case, using a unified approach and combin-
ng geometric data with OBP/gravity data or models is clearly more
esirable.

Reference frame solutions based on SLR observations rely on
he geodetic satellites LAGEOS-1 (launched May  1976 at altitude
850 km), LAGEOS-2 (October 1992 at 5625 km), Etalon 1 (January
989 at 19,105 km), and Etalon 2 (May 1989 at 19,135 km), with
ear-circular orbits having inclinations of 109.84◦, 52.64◦, 65.3◦,
nd 65.2◦, respectively (see http://ilrs.gsfc.nasa.gov/). The active,
ermanent, ground tracking stations number about 43 and are dis-
ributed between latitudes +60.2◦ and −36.8◦. Only seven of these
racking stations are located in the southern hemisphere. There is

 heavy concentration of sites in Europe and East Asia. The highly
on-uniform network distribution is clearly related to a relative
eakness in determining axial geocenter motions. Furthermore,

he number of observations varies by over nearly two orders of
agnitude among the stations, ranging from more than 25,000

ormal points per year on LAGEOS from Yarragadee (Australia)
o a few hundred. Tracking yields are affected by such factors as
he ability to observe during daylight (especially for higher tar-
ets), the frequency of cloudless weather (often seasonal), and
he power of the laser transmitter. Single-shot ranging RMS  val-
es typically fall between 5 and 20 mm,  though a few stations are

oorer. Uncalibrated station- and target-dependent range biases
ust be adjusted empirically in the data analysis and remain

 major complication for SLR despite the progress made (e.g.,
ppleby et al., 2008). All these factors, particularly the existing SLR
at of the upper mantle

observational heterogeneities, create opportunities for significant
systematic biases in the analysis results.

Since 1992, SLR data are normally reduced in weekly batches
that rely on well-modelled orbital dynamics to integrate the
irregularly and non-uniformly acquired observations into reliable
geodetic results. Prior to the launch of LAGEOS-2 in 1992, 15-day
analysis arcs were used. The WRMS  scatter of weekly SLR station
position residuals from the ITRF2008 combination generally falls
between 5 and 10 mm per component (Altamimi et al., 2011).

Significant improvements in SLR results will depend on the
success of international efforts to rebuild the global network infras-
tructure with a goal of at least 30 more evenly distributed core
stations, each equipped with new generation tracking systems.
According to M.  Pearlman (private communication 2011), the new
systems will operate with “(1) higher repetition rate (100 Hz to
2 kHz) lasers to increase data yield and improve normal point pre-
cision; (2) photon-counting detectors to reduce the emitted laser
energies by orders of magnitude and reduce optical hazards on the
ground and at aircraft (some are totally eye-safe); (3) multi-stop
event timers with a resolution of a few picoseconds to improve
low energy performance in a high solar-noise environment; and
(4) considerably more automation to permit remote and even
autonomous operation. Many systems are working at single photon
detection levels with Single Photon Avalanche Diode (SPAD) detec-
tors or MicroChannel Plate PhotoMultiplier Tubes (MCP/PMIs).
Some systems are experimenting with two-wavelength operations
to test atmospheric refraction models and/or to provide unambigu-
ous calibration of the atmospheric delay.” As this effort involves
considerable expense among a number of different national agen-
cies, the likelihood and schedule for completion is unknown,
though upgrades of some existing stations are already underway.

Until now, GNSS results have actually been dominated by GPS
data, though GLONASS contributions have been steadily increasing
ever since the system was restored about 2008. GNSS constellations
from China and Europe are in the offing during the 2010s. GPS  con-
sists of up to 31 operational satellites grouped into six orbital planes
with inclinations of about 55◦ at an altitude of about 20,200 km.
The GPS ground tracks repeat each sidereal day. GLONASS is fun-
damentally similar, with at least 24 satellites planned. However,
the three GLONASS orbits are lower, about 19,100 km so that their
ground tracks repeat only every 8 days. The GLONASS inclinations
are also steeper than GPS, about 65◦, giving better coverage over
high latitudes.

Permanent, continuous GNSS tracking stations are far more

numerous than any other geodetic technique with numbers reach-
ing into the many thousands for continuous stations with open
data access. The core of several hundred GNSS reference stations
coordinated by the IGS are reasonably well distributed over land

http://ilrs.gsfc.nasa.gov/
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reas between latitudes +78.9◦ and −77.8◦ but gaps remain over
arts of Africa and large oceanic regions, particularly the Pacific.
he geometric weaknesses for GNSS monitoring of geocenter
otion therefore come mostly from the polar observing gaps in

he satellite constellations (70◦ for GPS; 50◦ for GLONASS) that
mpacts the Z-component estimates. In addition, inversions for the

 = 1 surface mass variations are adversely affected by the large cov-
rage gaps over mostly oceans that necessitates adding modelled
cean bottom pressure information from models (See Section 5.2).

Unlike other techniques, the data yields from GNSS-stations are
omparatively uniform and dense, so that random noise is probably
nsignificant. However, systematic errors, particularly those related
o local station equipment configurations and factors such as multi-
ath conditions and winter snowfall, appear to vary greatly among
tations. The scatters of the GNSS weekly position residuals derived
rom ITRF2008 are 1–2 mm in the north and east components and
–6 mm in vertical (Altamimi et al., 2011). Height estimates are less
recise by a factor of 2–3 due to modeling the highly correlated
ropospheric propagation effects.

More important than the infrastructure limitations for GNSS
re probably the analysis limitations, in particular the modeling
f empirical solar radiation pressure parameters. Orbital dynamics
or the unwieldy GNSS satellites cannot be modelled accurately a
riori without including purely empirical parameters in the estima-
ion. As shown by Hugentobler et al. (2006) and others, there is an
nherent coupling between these parameters and long-wavelength
ignals such as geocenter motion. Another complication is the need
o determine calibrations for satellite-transmit antenna-offsets and
eam phase patterns from the geodetic data rather than from an

ndependent source. This factor introduces additional undesirable
arameter correlations and a direct dependence on the ITRF scale
Schmid et al., 2007). Prospects for improved GNSS results rest
argely on the potential for significantly improved dynamical mod-
ling and antenna calibration methods that are highly uncertain.
n the mean time, axial geocenter determinations from GNSS will
emain less accurate than those from SLR. However, as the sur-
ace density of GNSS-stations continues to grow, inversions of n = 1
eformations will improve, though possibly only marginally, if the
ceanic gaps cannot be filled by many more island installations.

DORIS has tended to produce the least reliable geocenter motion
stimates, especially for the Z-component (see Altamimi et al.,
011), despite having the most uniformly distributed tracking
etwork. The tracking station latitude range is the same as for
he GNSS network but they number only about 57. The ground
pacing is fairly even to minimize interference between the trans-
it  beacons that are observed from receivers deployed onboard

 temporally varying mix  of remote sensing satellites, such as
OPEX/Poseidon, Jason 1/2, Envisat, Cryosat 2, and the SPOT series
/3/4/5. These bulky spacecraft, which were not designed for high-
ccuracy terrestrial geodesy, have low altitudes of 720–1350 km
nd inclinations of 66◦ to polar. The evolution of the satellite array
s reflected in the WRMS  of the ITRF2008 DORIS weekly station
osition residuals that range from about 10–20 mm per compo-
ent when 3 or fewer spacecraft have been available to 7–12 mm
er component when four or more satellites can be used (Altamimi
t al., 2011).

Presumably, the small number of DORIS spacecraft and the dif-
culties involved in modeling their orbital dynamics are the main

imitations of this technique for monitoring geocenter motion.
hile some progress is likely, results comparable to SLR, or even

NSS, seem remote.
.2. Status and prospects for global fluid models

As has been established throughout this paper, geocenter
otions are driven by the redistribution of atmospheric, oceanic,
namics 58 (2012) 44– 61

cryospheric and continental water mass. In addition to the inver-
sion methods described in Section 5.2,  the geocenter effects of
these temporally varying loads have been forward modelled for
more than three decades using different versions of global fluid
models (see references presented in the Introduction). A complete
and thorough description of each of these models is beyond the
scope of this paper. In this section, we will only generally discuss
the status of the models and the potential improvements that
would affect geocenter modeling.

The largest barrier to forward modeling geocenter variations is
the lack of a full system model. A system model should accurately
capture the temporal and spatial exchange of fluid mass between
all the components of the Earth system and should not allow mass
to enter into or escape out of the system, although changes in form
are allowed, e.g. ice to liquid water or liquid water to water vapor.
Many groups motivated to understand the complex relationships
between the components of the Earth’s climate system have been
pursuing the development of a complete system model. In these
models, however, carbon cycling or energy flow between the com-
ponents as opposed to a fundamental understanding of the mass
exchange is goal of the model.

One general circulation model that takes into account how mass
changes in the atmosphere and to some extent in continental
hydrology affect changes in ocean mass is the Ocean Model for Cir-
culation and Tides (OMCT) (Thomas, 2002). Ocean bottom pressure
changes are caused by (1) the internal mass redistribution of the
ocean driven by atmospheric circulation; (2) water mass entering
or leaving the ocean (e.g. the global water cycle) (Chambers et al.,
2004); and (3) a change in the integrated atmospheric mass over
the ocean areas (Ponte, 1999). Changes in bottom pressure from
OMCT are derived by forcing the ocean model with atmospheric
surface fluxes of momentum, heat and freshwater, as well as by
atmospheric pressure.

A second model source of ocean bottom pressure is the Estimat-
ing the Circulation and Climate of the Ocean (ECCO) model. In this
model, ocean bottom pressure are obtained by least squares fitting
a general circulation model to as much in situ and satellite data
as possible (e.g. Argo floats, altimetry, SST), by adjusting its forc-
ing fields and initial conditions (Wunsch et al., 2009). Proposals
for improving the ECCO model stress the importance of includ-
ing the effects of sea ice and ice sheet melting, thus capturing the
mass exchange between three (ice, atmosphere, ocean) of the four
fluid components (ice, atmosphere, ocean, continental water) in
the Earth system into a single model. When compared with inde-
pendent data sets, the ECCO model performs better than the OMCT
model. This result is expected since ECCO assimilates real data and
OMCT uses an atmospheric model as forcing.

Neither OMCT nor ECCO hold ocean mass constant. This is due
to the Boussinesq approximation used in the models, i.e. oceanic
volume, and not mass, is held constant in the general circulation
model. Real long-term variations in OBP do exist due to (1) trends
in freshwater fluxes; (2) trends in the atmospheric forcing; (3) real
long-term variations in the large-scale circulation; and (4) tectono-
physical changes in the ocean bottom level including GIA  effects.
Unfortunately, there is currently little possibility for determining
what fraction of the OMCT and ECCO OBP trends are realistic or
not. The biggest improvement in bottom pressure models for geo-
center determination would be the ability to hold the total mass
constant. Unfortunately, as OBP is generated as a byproduct of these
ocean circulation models that do not require mass conservation for
precision, it is unlikely that this constraint will be implemented.

In the short term, we can expect improvements in these OBP

data to come mostly from improved spatial resolution.

Large-scale hydrological models range between water balance
concepts, mainly used for off-line hydrological studies, and energy-
balance concepts that describe soil–vegetation–atmosphere
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ransfers and that are mainly coupled to climate models at differ-
nt scales. Models belonging to the former category include WBM
Fekete et al., 2002), WGHM Model (Döll et al., 2003). Models in
he latter category are VIC and its derivative TOPLATS (Liang et al.,
994; Famiglietti and Wood, 1994). The land surface schemes of
eneral circulation models also belong to this category, e.g. TESSL

 the land surface component of ECWMF  GCM – (van den Hurk
t al., 2000) and the various land surface schemes of GLDAS (Rodell
t al., 2004). The codes of LaD (Milly and Schmakin, 2002) and
CR-GLOBWB (Van Beek and Bierkens, 2005) take intermediate
ositions between the water balance approach and the energy-
alance approach to modeling continental water mass. Although
his list is not exhaustive, it gives a concise overview of the types
f models that are currently being used in global hydrological
odeling.
With time, these models have become more physically based

nd their temporal and spatial resolution has increased. Notwith-
tanding, the degree of physics and detail still remain important for
ssessing such models on their suitability for the purpose of mass
istribution and transport modeling. Also, the capability to tune
uch models within realistic and consistent limits and their skill
o model mass distribution and transport are important. However,
ven with considerable tuning, the performance of these models
ay  still be poor (Meigh et al., 1999; Döll et al., 2003). Issues

o be considered in improving the models are: (i) the number
f processes described (e.g. changes in groundwater storage and
ce/snow/glacier mass processes); (ii) input data requirements; (iii)
he spatial resolution; and (iv) the temporal resolution.

For modeling the atmospheric mass variations, a global atmo-
pheric model is generally used. Such models are developed and run
y national meteorological services in order to perform weather
rediction for their area of interest. Only a few global models are
vailable, which are designed for global meteorological analyses.
wo well-known global atmospheric models are those run by the
uropean Centre for Medium-Range Weather Forecasts (ECMWF)
nd by the US National Centre for Environmental Prediction (NCEP).
oth models provide the required parameters for modeling atmo-
pheric masses (surface pressure, geopotential height, multi-level
emperature and specific humidity) on a 6-hourly basis. There
re some significant differences between both models mostly in
reas with sparse in-situ observations of atmospheric parame-
ers. These are specifically the polar areas (mainly Antarctica) as
ell as the large oceans (mainly the Southern oceans). The differ-

nces between the two models for a specific epoch can reach up to
–1.5 hPa RMS  in terms of surface pressure.

As with the ocean general circulation models and OBP, sur-
ace pressure is a byproduct of atmospheric general circulation

odels whose main goal is to forecast weather. In fact, the atmo-
pheric general circulation models do not even assimilate ground
bservations of surface pressure. Thus, there is little hope that the
tmospheric modellers will be convinced to improve their atmo-
pheric models for the sake of surface pressure estimates. Perhaps
s the atmospheric models are improved to better predict the
eather, improvements in surface pressure will follow. For now,

he geodetic community must accept the limitations in the preci-
ion and accuracy of these models.

Until a system model for mass exchange can be developed for
eodetic applications, we will be forced to combine these sepa-
ate fluid models in the best way that we can, i.e. simulating mass
onservation by allowing the volume of the oceans to change.

.3. Prospects for theoretical developments and routine geocenter

onitoring

The theoretical aspects of the n = 1 surface mass variations and
he resultant geocenter motion for a spherical elastic or viscoelastic
namics 58 (2012) 44– 61 59

Earth are relatively simple. The Love numbers are very well sepa-
rated and provide a convenient mechanism to describe the n = 1
deformation. With a possible exception of core pressure variations
at interannual and decadal scales, internal loading generally pro-
duces negligible geocenter motion at present. However, historical
geocenter motion due to interior density anomalies over a long
(>105 years) period of time can significantly impact the history and
current state of the Earth’s topography. For such long time scales,
the linear viscoelasto-gravitational theory has its limitations (Greff-
Lefftz et al., 2010), and a more general theory should be pursued in
the future.

Ignoring the small effects of geocenter motion driven by internal
loading, surface load variations that are occurring now and those
that have occurred in the past drive present-day geocenter motions.
As the precision of geocenter motion determinations improves over
time, it remains to be seen if the current elastic and viscoelastic
Earth model will continue to be adequate to describe the n = 1 defor-
mation. A relevant question is whether the seismically inferred
elastic Love numbers are accurate enough to be held fixed or if they
can be improved with the deformation and other data. At the same
time, the current model assumptions should serve as a caveat for
the very high accuracies reported in the literature.

The inverse methods with various data combinations seek to
determine the incremental changes in n = 1 mass distribution or,
equivalently, the motion between CM and CF. However, depen-
dence of the methods on the OBP models is apparent, and the
qualities of the models are difficult to evaluate. Even though altime-
try and in situ data are assimilated into the ECCO model, they do
not directly measure OBP. Improved OBP models can lead to more
robust estimates of geocenter motion. Moreover, a unified observa-
tion model with data combination has the best potential to provide
the highest accuracy geocenter motion time series, especially if sys-
tematic errors are understood and reduced in the data sets. Current
inverse models assume that Earth’s changing shape is caused by
surface loading and unloading. While this seems to produce satis-
factory global patterns with carefully selected geodetic sites when
compared with GRACE gravity observations, any additional mech-
anisms with significant effects should be included in the future.
The estimated geocenter velocity components due to PDMT depend
strongly on the OBP model used. However, the magnitudes appear
to be limited. The kinematically inverted GIA-induced geocenter
velocity components are very precise and do not depend strongly
on models except the horizontal extent of historic deglaciation. The
physical meaning of the kinematic estimates, however, remains
ambiguous and can only be unraveled by dynamic studies in the
future. When combined with other data, these components may
provide global large-scale constraints on deglaciation history and a
unique opportunity to help probe the deep mantle for its rheology.

7. Conclusions

The horizontal transport of ocean, atmospheric, ice, and con-
tinental water at the degree-1 spatial scale, induces degree-1
deformation of the solid Earth surface and drives geocenter motion
between the center-of-mass of the total Earth system and the
center-of-figure of the solid Earth surface. Earth-based tracking
of Earth orbiting satellites allows us to observe geocenter motion.
These short- and long-term observations of the geocenter are
important for climate change modeling including sea level change,
present-day ice mass changes, and changes in continental hydrol-
ogy. However, there are times when we would like to remove

the geocenter motion from our observations. In particular, having
access to a nearly instantaneous geocenter is extremely important
for those missions that can sense geocenter motions to some
extent but are not good enough to measure it well independently.
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atellites such as GRACE and satellite altimeters are probably
ost relevant in this respect. For GPS, which is not as capable

f measuring the Z-component geocenter variations, adopting a
eliable annual model for the Z-component could be extremely
aluable for improving the ITRF. Despite the progress in observing
echnology and innovative approaches to data modeling, we are
till a long way from constraining instantaneous geocenter motion
o sufficient precision for either climate modeling or geodetic
pplications. Prospects for modeling geocenter motion at seasonal
nd longer periods are much brighter.
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