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Abstract

The Earth’s center of mass (CM) is defined in the satellite orbit dynamics as the center of

mass of the entire Earth system, including the solid earth, oceans, cryosphere and atmo-

sphere. Satellite Laser Ranging (SLR) provides accurate and unambiguous range

measurements to geodetic satellites to determine variations in the vector from the origin

of the ITRF to the CM. Estimates of the Global mass redistribution induced geocenter

variations at seasonal scales from SLR are in good agreement with the results from the

global inversion from the displacements of the dense network of GPS sites and from ocean

bottom pressure model and GRACE-derived geoid changes.
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1 Introduction

The Terrestrial Reference System (TRS) is a fundamental

concept for all studies in the geosciences, and it is of

critical importance for satellite navigation and other geo-

information applications. The Earth’s center of mass (CM

or geocenter) is the center of mass of the entire Earth system,

including the solid earth, oceans, cryosphere surface water

and atmosphere. The CM is the point about which any Earth

satellite will orbit and can be determined from observations

of an Earth-orbiting satellite motion. The origin of the Inter-

national Terrestrial Reference Frame (ITRF) is currently

derived from long-term analysis of Satellite Laser Ranging

(SLR) data, but its dynamic tie to the CM is not yet a

component of the conventional model of ITRF. The variation

of the CM with respect to the origin of ITRF is known as the

geocenter motion and reflects the global scale mass redistri-

bution and the interaction between the solid Earth and the

mass loading. Determination of the Earth’s center of mass is

an important component for the realization of the Terrestrial

Reference System, and has attracted considerable attention;

see for example Trupin et al. (1992), Dong et al. (1997),

Watkins and Eanes (1997), Pavlis (2002), Angermann and

Müller (2008), Pavlis and Kusmicz-Cieslak (2009), and those

papers that contributed to the IERS Analysis Campaign to

Investigate Motions of Geocenter (Ray 1999).

In this study, the geocenter motion is simultaneously

estimated along with the low-degree portion of the gravity

field, providing a unified recovery of the signals in the SLR

data. This paper discusses the analysis of estimates of the annual

geocenter variations from a multi-satellite SLR data set and

compares the results with the ILRS SLR network translation

solutions (Collilieux et al. 2009; Altamimi et al. 2010) based on

the International Laser Ranging Service (ILRS; Pearlman et al.

2002) and the global inversion mostly based on the

3-dimensional displacement of GPS stations (Wu et al. 2010a).

2 Theory

The Earth’s gravitational potential is expressed by a spherical

harmonic with coefficients (Cnm and Snm), which are a func-

tion of the global mass distribution determined by a volume
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integral enveloping the entire Earth system (see Heiskanen

andMoritz 1967; Torge 1980; Lambeck 1988). By definition,

the coordinates of the CM in the adopted reference system

are determined by the degree-one normalized spherical

harmonic coefficients C10, C11 and S11. The geocenter vector

from origin of the reference system to the mass center is

given by

~rcm ¼ ae
ffiffiffi

3
p

ðC11; S11;C10Þ (4.1)

where ae is the Earth’s radius.

In a reference frame centered exactly at the CM, the

degree-one harmonics are identically zero. The origin of

the geocentric inertial reference frame, for high accuracy

satellite orbit determination, is typically chosen to coincide

with the CM, and the geocenter vector ~rcm represents the

offset between the ITRF origin and the instantaneous CM.

As an alternate, a geocentric frame at the ITRF origin can be

used, but in this case the degree-one terms are non-zero.

However, it is also necessary for proper modeling to include

a Coriolis-type force due to the fact that the origin is no

longer an inertial reference point (Kar 1997).

The geocenter vector ~rcm can be determined using space

geodetic measurements, which link a satellite (which orbits

about the center of mass of the Earth system) and the track-

ing sites (which realize the origin of the crust-fixed Interna-

tional Terrestrial Reference Frame (ITRF)) based on the

geometric relation:

~rðtÞ ¼~rðtÞ þ ~Rsj �~rcmðtÞ (4.2)

where ~r is the position vector of the satellite related to

the Earth’s mass center and determined by integrating

Newton’s equations in a non-rotating geocentric reference

frame, ~r is the range vector from the tracking site to the

satellite. The vector~r and~r are expressed in the earth-body-

fixed system. ~Rsj is the position vector of a tracking site with

respect to the ITRF. ~rcm is the vector from the origin of the

ITRF to the CM (identical to the vector OG described in the

IERS conventions (McCarthy and Petit 2003; Petit and

Luzum 2010)). Global mass redistribution alters Earth rota-

tion, produces temporal variations of the gravitational field,

and variations of the CM with respect to the origin of ITRF

(as convention, the origin of ITRF is fixed to the crust of the

Earth). This variation is referred to as geocenter motion.

The Earth consist of the solid and fluid layer, the volume

integral over the entire Earth for the degree one spherical

harmonic coefficients can be expressed mathematically as

the sum of the volume integral for the solid earth and a shell

integral for fluid thin layer (with thickness much less than

ae), which depends on the mass distribution and variable

boundary as the deformable earth surface in response to

mass loading. Let Dsðf; lÞ be the change in the surface

density (mass/area) as radial integral of the density

distribution through the thin layer (Eq. (5) of Wahr et al.

1998). Thus, the mass loading of the thin layer induced

normalized coefficients Cf
10;C

f
11; S

f
11 are determined by the

surface integral of density changes Dsðf; lÞ taken over the

Earth’s fluid surface thin layer with the surface element dS as

follows (Chao et al. 1987, Eq. (6) of Wahr et al 1998):

Cf
10 ¼

a2e
3M

ðð

Es

Dsðf; lÞ sinfdS (4.3)

Cf
11 ¼

a2e
3M

ðð

Es

Dsðf; lÞ cosf cos ldS (4.4)

S f
11 ¼

a2e
3M

ðð

Es

Dsðf; lÞ cosf sin ldS (4.5)

Correspondingly, the geocenter vector can be expressed

as ~rcm ¼~r scm þ~r fcm. The vector ~r scm represents the coordinate

of the center of mass of the solid Earth without the fluid

load and deformation, evaluated by the volume integral for

the solid earth assuming the mass of the solid earth

approximates to the mass of whole Earth. The vector ~r fcm
represents the coordinate of the center of the fluid thin

surface layer, within which the mass is free to be

redistributed (Blewitt 2003). ~r fcm is evaluated by the mass

loading of the thin layer (described by Cf
10;C

f
11; S

f
11) and

loading induced deformation of the earth surface (Eq. (7)

of Wahr et al. 1998). Both vectors, ~r scm and ~r fcm, are with

respect to the origin of the selected reference frame (ITRF).

Unfortunately, ~r scm is not directly observable from crust-

based observations while the modeling of ~r fcm is uncertain.

However, ~rcm (the sum of ~r scm and ~r fcm) is observable from

analysis of SLR data.

The evaluation of~r fcm has been a principal concern in the

past because of the complexity of the density redistribution

and variable boundary surface, which covers the solid earth

and separates from the fluid thin layer. In the earlier study,

such as Trupin et al. (1992) and Dong et al. (1997), ~r fcm
referred to the center of figure of the “outer surface of the

solid Earth”. This surface is assumed to be covered by a

uniform infinitely dense array of points and the motions of

these points are taken into account (Blewitt 2003), but this is

very difficult to realize in practice (Dong et al. 2003). Even

the current dense global GPS network represents only a

portion of the surface of the solid Earth.

In recent developments,~r fcm is evaluated by the ‘thin-shell

loading model’ (Blewitt 2003). In this model, the boundary

is defined by a sphere of radius ae used for the approximate

spherical harmonic expansion of the density variations

(Eq. (9) of Wahr et al. 1998). The normalized spherical

harmonic coefficients (denoted as Cs
lm and Sslm) can be
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inferred from a global inversion based on the GPS-

determined three-dimensional displacements for a global

dense network and the ocean bottom pressure (OBP) model

along with the GRACE-derived geoid changes (Wu et al.

2006, 2010a,b). Thus, the notation of CF is still used for~r fcm
from the ‘thin-shell loading model’, which better represents

~r fcm than the earlier studies.

The variations of ~rcm are determined by the time varying

density distribution within the Earth system as the response of

the Earth to the movements of the planetary fluid masses and

the crustalmovements due to tectonicmotion and earthquakes.

Among these variations, the changes of~r fcm are mostly due to

the climate change induced movements of the planetary fluid

masses and surface displacement in response to the changes of

the loading on the Earth’s surface. In the frequency domain,

the vector~r scm is relatively static with variations only on geo-

logic time scales;~r fcm describes the variations with time scales

from sub-daily to seasonal and longer. In the past decades,

considerable efforts weremade to determine the changes of~r fcm
by estimating or modeling the distribution of the mass density

changes,Dsðf; lÞ, which can be represented by the equivalent
water height (Wahr et al. 1998).

Center of the surface loading. For an elastic Earth, the

thin fluid layer produces a gravitational (load) potential at

the Earth’s surface, and resulting in surface displacements

(deformation). The surface displacement further produces

additional potential change (Lambeck 1988) based on the

load Love number theory. Thus, the vector of the surface

loading center~rcm
L can be determined by the degree one terms

in the surface density change induced potential (load plus

additional potential from the loading induced deformation)

based on the models of the redistributions of the atmosphere

surface pressure, hydrosphere (soil moisture and water stor-

age) and ocean mass (Dong et al. 1997; Chen et al. 1999) and

ice melting.

Center of the fluid shell and global inversion. The

coefficients ~rcm
L can be expressed in terms of the degree-one

spherical harmonic coefficients of the surface density anom-

aly: Cs
1m and Ss1m ðm ¼ 0; 1Þ (m ¼ 0, 1) accounting for the

surface mass loading induced potential (Eq. (12) of Wahr

et al. 1998). Thus,~r fcm is determined from

~r fcm ¼ aerw
re

ð1þ k01Þ
ffiffiffi

3
p

ðCs
11; S

s
11;C

s
10Þ (4.6)

where re and rw are the mean density of the solid earth and

water, respectively. k01 is the degree-one load Love number for

an elastic lithosphere (Farrell 1972). In the frame associated

with the center of mass of just the solid earth (CE),

ð1þ k01Þ ¼ 1. This relation can be applied to the estimates

of geocenter variations from global inversion assuming the

center of figure of the GPS network (CF) and CE are approxi-

mately equivalent (Blewitt 2003; Jansen et al. 2006).

The response of the solid Earth surface to loading

changes caused by mass redistribution in the thin surface

layer is the displacement in the local vertical and horizontal

directions. Those displacements are proportional to the load

potential and the gradient of the load potential characterized

by the load Love number (Lambeck 1988). They can be

expressed in terms of the spherical harmonic coefficients of

the surface density changes (or anomalies) based on Farrell’s

(1972) loading theory.

Thus, the three dimensional displacement vectors of the

GPS network (combined with the observed geoid changes

from GRACE measurements or OBP models) were used to

infer the degree-one terms of the loading density distribution

to obtain the estimates of ~rcm
f . This method is described as a

global inversion (Blewitt and Clarke 2003; Wu et al. 2003;

Kusche and Schrama 2005; Jansen et al. 2009; Wu et al.

2010a). The surface density changes observed from GRACE

were used to determine the induced geoid changes in the

global inversion to improve separation of the information

related to the degree-one terms in the observed displace-

ments from GPS data analysis, and can be used to determine

the loading displacement of tracking stations due to the

loading potential except for the degree-one terms.

3 Determining Geocenter from SLR

Among the space geodetic techniques, the difficulty in

modeling of the nongravitational forces acting on satellites

limits the ability of the GPS and DORIS techniques to

accurately measure the geocenter vector ~rcm. Satellite laser

ranging (SLR) is currently the best means of obtaining

precise and unambiguous range measurements for the

various passive geodetic satellites, and this accurate range

information allows the determination of even very small

gravitational forces acting on them. The SLR data has,

over the past three decades, provided long-term, stable

determinations of the origin of the ITRF. The geocenter

motion is usually not modeled in the precise orbit determi-

nation for SLR data analysis, and this signal will remain in

the residuals.

The geocenter vector ~rcm is defined geometrically in the

observation equation assuming the coordinates of the tracking

stations are described by the ITRF system. Conventional

(pre-GRACE) gravity models were obtained assuming

the CM coincides with the origin of the ITRF used for the

tracking station coordinates. Consequently, the offset of

the origin of the ITRF from the CM could be aliased into the

geopotential coefficients estimated from space geodetic

measurements. This will not occur with GRACE-based

models, since the GRACE inter-satellite range data is insensi-

tive to the geocentermotion. In the approach used in this study,
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the geocenter motion is estimated simultaneously with the

orbit, force and measurement parameters from the SLR data.

In order to study the station displacements and the reali-

zation of the ITRF, an alternative approach is commonly

used. Instead of directly estimating the geocenter motion~rcm,

the station displacements D~Rsjð j ¼ 1;NÞ are estimated for

the entire SLR network (with N ¼ ~20–30 over 1 month

intervals) along with the estimation of a number of (constant

or once-per-rev) empirical acceleration parameters. The

estimated network station coordinates ð~Rsj þ D~RsjÞ are then

projected into the ITRF by a Helmert transformation defined

by seven parameters: three translation parameters, one scale

and three coordinate rotation angles. The translation reflects

the origin difference between the estimated displaced station

network and the ITRF used in the analysis, for which the

origin is not necessarily the CM, at least at the seasonal and

shorter time scales (Dong et al. 2003). This approach is used

by the ILRS and earlier analyses from SLR (e.g., Eanes et al.

1997). A concern with this approach is that the orbit

may have accommodated some of the geocenter motion,

particularly in the Z direction, and thus may have attenuated

the geocenter variation in that component.

As noted previously, a gravity field including the degree-

one geopotential coefficients can be obtained using the space

geodetic tracking data by fixing the tracking station

coordinates to the ITRF. This is equivalent to the estimation

of the geocenter motion (~rcm) along with the geopotential

coefficients with degree greater than one in this study,

though a completely correct modeling requires the addition

of Coriolis-type terms with the former approach. Simulta-

neously estimating the degree-one coefficients and the entire

network displacements would be ill conditioned because

they are equivalent and determined using the same observa-

tion information.

The satellites used in this study (Starlette, Ajisai, Stella,

LAGEOS-1 and LAGEOS-2) all have spherical shapes,

which simplifies the modeling of the non-gravitational

forces. In addition, except for Ajisai, they have dense

metal cores and very low area-to-mass ratios, which further

reduces the impact of the non-gravitational force modeling

errors. The orbit inclination ranges from 50� to 109�, and the
altitudes range from 700 to 6,000 km. To accommodate

residual dynamic modeling errors, 12-h drag coefficients

(CD) or empirical along-track acceleration parameters (CT)

were conventionally estimated as part of the precision orbit

determination process. While these parameters have the

potential to affect the determination of the gravitational

forces, they are essential to accommodate the residual errors

in the surface force modeling.

The background gravity models, such as the solid earth

and ocean pole tides as well as the atmosphere and ocean de-

aliasing (AOD) employed in this analysis are generally

consistent with those for the GRACE RL04 products

(Bettadpur 2007). The station displacement due to solid

earth tides and ocean loading are modeled based on the

IERS 2003 conventions, including the effects due to the

diurnal and semidiurnal tidally-induced geocenter variations

(Watkins and Eanes 1997). The station coordinates are based

on LPOD2005 (Ries 2008), which is consistent with

ITRF2005 but with some additional stations, coordinate

updates and range bias modeling. To measure the geocenter

signal at the mm level, this study used a short arc orbit

analysis with an arc length of 3 days for the monthly

solutions and 7 days for the weekly solutions.

Two SLR time series were obtained in this study. The first

(SLR-w) consists of weekly solutions for the geopotential

coefficients (to degree and order 5) and the geocenter

parameters spanning 18 years from November 1992 to

December 2010. The EGM08 gravity model (Pavlis et al.

2008) was used without the AOD model to determine the

weekly solutions that is consistent with models used by the

ILRS Analysis Working Group (AWG). The second SLR

time series (SLR-m) consists of 106 monthly solutions from

five geodetic satellites over the period from January 2002

to October 2010. The AOD model was used in this case

for consistency with the GRACE RL04 processing. Three

components of the geocenter motion, ~rcm, are directly

estimated along with other dynamical parameters, including

the satellite state vector (weekly or 3 days for monthly), 12-h

CD (or CT) and the lower portion of the gravity field up to

degree 5, over time intervals from weekly to monthly (Cheng

et al. 2011). The station positions are fixed and range biases

are based on LPOD2005. This approach provides a unified

recovery of the gravity signals in the SLR data. The

C20 estimates from this series are used to replace the

GRACE estimates for supporting the GRACE applications

in extracting the mass variation signal in the hydrological,

ocean and polar ice sheets (Cheng and Ries 2009).

Figures 4.1, 4.2 and 4.3 show the monthly estimates for

the three components of the geocenter variation, as well

as the seasonal and linear trends. Figures 4.4, 4.5 and 4.6

show the weekly estimates, along with the seasonal, linear

and long-period variations. The SLR estimates of the

geocenter motion~rcm reflect the weekly or monthly averaged

integrated effects of the crustal deformation due to global-

scale mass exchange between the Earth components. The

mean of the estimates for~rcm represents the mean position of

the geocenter in the ITRF as determined by the constant

parts of the mass distribution of the entire Earth, which is

dominated by ~rscm. Seasonal changes of the ~rcm about the

mean correspond to the ~rfcm, but could contain the informa-

tion of the seasonal surface loading displacement of site

positions due to the variations of the terms with degree

greater than one in a spherical harmonic expansion of den-

sity variations. The effects for height displacement was

discussed by van Dam et al. (2007). Further study is required
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for evaluating these effects to correctly interpret the SLR-

determined geocenter motion in comparison with the geo-

physical loading models and from the global inversion.

While the loading surface mass change is expressed in a

series spherical harmonics, the degree-one terms are directly

related to the seasonal geocenter variations.

4 Comparison and Discussion

Table 4.1 compares the amplitude and phase for the annual

variation of the geocenter motion from weekly (SLR-w) and

monthly (SLR-m) solutions from this study, and the transla-

tion components estimated (with scale factor) from the 14-

year weekly site position (denoted as ILRS-1) from the ILRS

AWG reported by Collilieux et al., (2009), and that

estimated from analysis of 26 years of weekly site positions

(denoted as ILRS-2) in the development of ITRF2008

(Altamimi et al. 2010). The notation of ‘Degree-one’ refers

to the geocenter variation converted from the degree-one

terms estimated from the global inversion based on the

GPS/OBP/GRACE (Wu et al. 2010), where the effects

above degree-one are based on the time series of the

GRACE derived-gravity fields and OBP model.

Table 4.1 shows that the weekly solution from this study

is in good agreement with the ILRS–2 solution for the three

translation components. The agreement with ILRS-1 is not

quite as good for Y (ILRS-1 amplitude is larger) or Z

(ILRS-1 is smaller). The monthly SLR solution is in good

Fig. 4.4 Weekly geocenter variations in the X component. Seasonal +

trend and long-period variations also shown

Fig. 4.1 Monthly geocenter variations in the X component. Linear þ
seasonal variation also shown

Fig. 4.2 Monthly geocenter variations in the Y component

Fig. 4.3 Monthly geocenter variations in the Z component
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agreement with the degree-one variations from the global

inversion for the Y and Z component. The disagreement

in X could be due to the network effect caused by an inade-

quate geographic distribution of SLR stations (Collilieux

et al. 2009), or the global inversion results may be

underestimating the variation in X.

The mean offset of the geocenter at epoch 2005.0 with

respect to ITRF2005 is estimated to be �0.2, �0.7 and

�4.8 mm for X, Y and Z components, respectively, from

this analysis. It is reasonably consistent with the estimates

(�0.5, 0.9, and�4.7 mm) from ITRF2008 (Altamimi et al.

2010). The translation rate difference between ITRF2008

and ITRF2005 is reported to be zero for Y and Z, and

0.3 mm/y for X (�0.2 mm/year for each) (Altamimi et al.

2010). However, drifts appear in the time series for all three

components from this analysis, as shown in Figs. 4.1, 4.2,

4.3, 4.4, 4.5 and 4.6. The rates are estimated to be �0.2, 0.3

and�0.5 mm/year for X, Y and Z, respectively, although the

uncertainty in these trends is probably at the same level. It is

interesting that there appear a good agreement with the rates

for X and Y (�0.2 and 0.4 mm/year, respectively) estimated

from the global inversion (Wu et al. 2010a, b), though the

agreement is poor for Z (�0.9 mm/year). Ice melting and

postglacial rebound could produce a secular geocenter

velocity on the order of 1 mm/year (Greff-Lefftz 2000;

Métivier et al. 2010), and further study is required to under-

stand if these signals are geophysically meaningful.

A scale parameter is not estimated in this analysis since

the length scale of the reference frame determined from

SLR is only related to the velocity of light (for the ranging

measurement reduction) and GM (the product of the gravi-

tational constant G and the mass of the Earth), although

accurate knowledge of the satellite center of mass offset

is also critical (Ries 2007). The variations and trends in

the translation and scale seen in other analyses may be

due to position/velocity errors or unmodeled ranging biases

(Coulot et al. 2009).

In summary, time series of geocenter motion were deter-

mined from analysis of SLR data from five geodetic

satellites over a period of 18 years from Nov. 1992 to

Dec. 2010 for weekly solutions, and a period of 9 years

from 2002 through 2010 for monthly solutions. Results

reveal significant seasonal and possible interannual

variations in all three components (X, Y, Z) of the geocenter

motion. The estimates of the annual variations are generally

in good agreement from the various SLR analyses, as well as

with the global inversion approach based on GPS/OBP/

GRACE. Simultaneous estimation of geocenter motion and

gravity field, the approach used here, can provide a unified

recovery of the mass redistribution signals in the SLR data.
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Table 4.1 Observed geocenter variations (amplitude in mm; phase in

degrees). Error estimates are formal errors only. Convention is Amp cos

(o(t–t0)-Phase) where t0 is January 1

Case X (Amp/Phase) Y (Amp/Phase) Z (Amp/Phase)

SLR-w 2.7 � 0.2/

40 � 2

2.8 � 0.2/

323 � 2

5.2 � 0.2/30 � 3

ILRS-1 2.7 � 0.3/

45 � 4

3.8 � 0.2/

327 � 4

3.6 � 0.4/4 � 7

ILRS-2 2.6 � 0.1/

40 � 3

3.1 � 0.1/

315 � 2

5.5 � 0.3/

22 � 10

SLR-m 2.9 � 0.4/

35 � 3

2.6 � 0.2/

306 � 2

4.2 � 0.3/33 � 2

Degree-one 1.8 � 0.2/

49 � 3

2.7 � 0.2/

325 � 3

4.2 � 0.2/31 � 3

Fig. 4.6 Weekly geocenter variations in the Z component

Fig. 4.5 Weekly geocenter variations in the Y component
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