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Abstract

A new medium-wavelength gravity field model has been calculated from 110 days of GRACE tracking data, called
EIGEN-GRACEOQ2S. The solution has been derived solely from satellite orbit perturbations and is independent
from oceanic and continental surface gravity data. This model that resolves the geoid with an accuracy of better
than 1 mm at a resolution of 1000 km half-wavelength is about one order of magnitude more accurate than recent
CHAMP-derived global gravity models and over two orders of magnitude more accurate than the latest pre-CHAMP
satellite-only gravity models. This progress in accuracy together with an increase in resolution are the result of the
dedicated instrumentation of the twin GRACE satellites. The instrumentation allows for continuous GPS—-GRACE
high—low satellite-to-satellite tracking, on-board measurement of non-gravitational accelerations, precise attitude
determination, and—being the most important component—the observation of the intersatellite distance and its rate
of change.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Tracking data from some tens of satellites at different altitudes and orbit inclinations have over the
last three decades gradually improved the knowledge of the Earth’s gravity field. While these conven-
tional methods have provided accurate information, especially long wavelengths, they have insufficient
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accuracy and time resolution to support a wide range of applications. The limitations are due to the
attenuation of the gravitational signal with altitude, the sparse tracking data coverage and the difficul-
ties in modeling the non-gravitational forces for most of the satellBémsncale et al., 2000 With the
CHAMP mission, launched in 2000, for the first time a dedicated configuration has been realized: a
low and near-polar orbit, an on-board accelerometer, and a continuous precise tracking simultaneously
by up to 10 high-orbiting GPS satellites. These characteristics led to a break-through in the determina-
tion of the long-wavelength gravitational fiel®éigber et al., 2002already from a limited amount of
mission data.

It was noted already decades agd/Myif (1969)that the intersatellite signal between a pair of satellites
orbiting the Earth in the same orbit plane has significant information on the medium to shorter wavelength
components of the Earth’s gravitational field and, if this relative motion can be measured with sufficient
accuracy, this approach will provide significant improvement in the gravity field modeling. This mission
concept was proposed for the early GRAVSAT experiment by US scierfistshell and Pisacane, 1978
and the SLALOM mission in Europd&Rgigber, 1978 Both of these experiment proposals as well as the
follow-on US Geopotential Research Mission GRM and the European POPSAT and BRIDGE mission
proposals were not successful in being accepted for funding. The break-through came with the acceptanc
of the Gravity Recovery and Climate Experiment (GRACE) mission, proposed by Tapley et al. (1997) as
a joint US—German partnership missidiapley and Reigber, 20Qtvithin NASA's Earth System Science
Pathfinder (ESSP) program.

The GRACE is a dedicated satellite mission whose objective is to map the global gravity field with
unprecedented accuracy over a spatial range from 400 km to 40,000 km every 30 days. The measuremel
precision will provide a mean gravity field whose accuracy in this frequency range is between 10 and 100
times better than our current knowledge.

The twin GRACE satellites, based on CHAMP heritage, were launched on March 17, 2002 into
an almost circular, near-polar orbit (inclination 89.Qvith an initial altitude of 500 km. The natu-
ral decay of the orbital altitude since launch is about 1.1 km/month. The GRACE configuration con-
sists of two identical satellites with extremely high temperature and alignment stablaess (et al.,

1999. The satellites differ only in the S-band radio frequencies used for ground communication and
K-band inter-satellite ranging frequencies. Both satellites follow each other on the same orbital path
and are interconnected by the K-band microwave link to measure the exact separation distance anc
its rate of change with an accuracy of better thamw®and Lum/s, respectively. Both satellites are
equipped with the highly advanced BlackJack GPS flight receiver instruiemtk, 2003 for high—low
satellite-to-satellite tracking, a three-axis SuperSTAR accelerombtabgul et al., 199Pto observe

the non-gravitational forces, and two star-cameras to measure the inertial orientation of the satellites.
The instrumentation and on-board instrument processing units are described in dBuaiiriret al.

(2003)

Inthe following, the GFZ Potsdam-derived global gravity field solution EIGEN-GRACEO2S (European
Improved Gravity model of the Earth by New techniques solely from GRACE Satellite data) is described
and related to latest pre- and post-CHAMP-launch developments in global gravity field recadeyj.

The results demonstrate the improvementin quality and resolution of GRACE-derived gravity field models
and show the enhanced capabilities of the GRACE mission concept compared to a single satellite missior
like CHAMP.

The GRACE data high-level processing is shared by the Center for Space Research of the University
Texas in Austin (CSR/UTEX) and the GFZ Potsdam. Global gravity field models from GRACE data are
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Table 1
Global geopotential models quoted in this paper
Model Description Complete to degree Reference
EGM96S Pre-CHAMP, multi-sat. 70 Lemoine et al. (1998)
EGM96 Pre-CHAMP combined: EGM96S 360 Lemoine et al. (1998)
plus surface data
GRIM5-S1 Pre-CHAMP, multi-sat. 99 Biancale et al. (2000)
EIGEN-CHAMPO3Sp CHAMP only: 25 months 120 Reigber et al. (2004)
GGMO01S GRACE only: 111days 120 Tapley et al. (2003)
EIGEN-GRACEO01S GRACE-only: 39 days 140 Reigber et al. (2003b)
EIGEN-GRACEO02S GRACE only: 110 days 150 This paper

generated at both centres. The first CSR GRACE-only solution is called GGIMPIey et al., 200B8and
comparable to GFZ's early model EIGEN-GRACEOQ1S. While the actual EIGEN-GRACEQ2S solution
benefits from a meanwhile improved processing, both early versions are about a factor of two worse in
terms of geoid heights.

2. GRACE instrument data

For the gravity field solution GRACE mission data have been exploited in a dynamic precision orbit
determination (POD) process, discussed in Se@idhOD processing is based on GPS high—low and
K-band inter-satellite range-rate observations. The GPS BlackJack receiver on-board GRACE delivers
carrier phase (resolution 0.2 cm) and code pseudo-ranges (resolution 30 cm) for up to 10 GPS satellites
simultaneously at 10 s time intervals. The GRACE orbit parameters and receiver clock biases are deter-
mined relative to the orbits and clocks of the GPS satellites. These are computed from GPS data received
at dedicated CHAMP/GRACE mission ground statio@si@s et al., 200land stations of the Interna-
tional GPS Service (IGS) network. Because the IGS stations measure at a rate of 30 s, the GRACE SST
data are down-sampled to this rate for use in POD. The K-band link provides 10 Hz range, range-rate and
range-accelerations, one way from each satellite. Here only range-rate data, accupatéspdate used
that are down-sampled to 5s during preprocessing. The non-gravitational forces are directly measured
on-board in all three axes using the ONERA built SuperSTAR accelerometer. The linear accelerations are
measured with a 10 Hz rate and digitally filtered to get 5s samples. As the accelerometer’s proof mass is
located within 0.1 mm at the center of mass of the satellite, perturbing linear accelerations induced by the
frequent (about every 2 min) attitude maneuvers are measured by the accelerometer. The precision of the
accelerometer is about 18 ms2 within the bandwidth of 4< 1072 to 5 x 10~° Hz for the along-track
and radial directions and one order of magnitude worse for the cross-track direction. Two star-cameras
provide the orientation of the accelerometer axes and the K-band bore sight vector in a celestial reference
frame. Additionally each satellite is equipped with a laser retro-reflector. The ground stations of the In-
ternational Laser Ranging Service (ILRS) observe approximately three SLR passes per day and satellite,
which are used for independent POD quality contFid. 1 shows a sketch of one of the satellites with
the location of the instruments and gives the order of magnitude for the inter-satellite range variations
along the orbit.
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Fig. 1. GRACE gravity recovery relevant instruments (top) and low—low K-band ranging (KBR) tracking signature, coarse
resolution (bottom left) and fine resolution (bottom right).

3. Gravity field model determination

The GRACE gravity field model determination is based on the same principle as used to derive the
EIGEN-CHAMP modelsReigber et al., 2003aFirst, the two GRACE satellite orbits are—based on an
initial force field (Earth gravity, third bodies, observed SuperSTAR sensor accelerations)—numerically
integrated. Then, the linearized observation equations of the high—low GPS-GRACE and low—low K-
band intersatellite tracking data, which provide the relationship to the various unknowns such as the
gravity field spherical harmonic coefficients, the orbit state vector at epoch per arc and sensor-specific
parameters, are set up, leading after accumulation over the evaluation period to a normal equation syster
in a least squares sense to be eventually solved by matrix inversion.

The solution of the gravity field parameters using GRACE tracking data is based on atwo-step approach:
(1) adjustment of the high GPS constellation orbits and clock parameters from ground-based tracking date
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Table 2
Parameterization of GRACE normal equation system (solve-for parameters)

Arc-dependent parameters
Orbit: state vector at epoch of arc
GPS receiver: clock offset (1/30s), phase ambiguities00/d/satellite)
Accelerometer: 3D biases (offset and drift per arc) and scale factors (offset and drift per arc)
K-band ranging system: range-rate bias and drift (every 90 min), periodic terms (every 180 min)

Common parameters L
Gravitational potential: 22,797 fully normalized spherical harmonic coeffici€pts S;,, complete to degree,
order Im=150(Cqp and degree 1 terms were fixed to 1 and 0O, respectively)

and (2) GRACE orbit determination and computation of observation equations with fixed GPS spacecraft
positions and clocks as from step 1. The GRACE data used for EIGEN-GRACEOQ02S cover the months
August and November 2002 and April, May and August 2003 and were split into arcs of maximum 1.5
days length each. Due to data gaps and mission operation events in total 111 arcs could be processec
covering 110 days over this 5-month period with an average arc length of almost 24 h. These data comprise
about 6.8 million GPS code and phase measurements, respectively, and 1.8 million K-band range-rate
observations. A nominal arc length of 1.5 days was selected as a compromise between the need for a shor
arc in order to prevent an increase of mismodelling errors, and a longer arc to cover at least one half of
GRACE's primary gravitational orbit resonance period. Besides Earth and ocean tidal potential temporal
variations, short-term atmospheric and oceanic mass variations are taken into account in the POD process
by applying foreward models of the mass transport in these systems that are routinely calculated by GFZ
on the basis of 6-h 0°BECMWF meteorological fields and a barotropic ocean model provided by JPL
(Flechtner, 2008 The gravity field solution then follows the general least squares solution strategy as
outlined inReigber (1989)

One individual normal equation system is created from each individual arc for the set of unknown
parameters listed ifable 2 After reduction of the arc-dependent parameters, the 111 individual GRACE
normal equation systems were summed up. The resulting overall normal equation system needs a moderatse
regularization before its solution, because of the attenuation of the gravitational signal with altitude and
the remaining high correlations between a number of high degree coefficients. Pseudo-observations with
a value of zero and a weight reciprocally proportional to Kaula’s degree variance rif@aeh 1966,

i.e. increasing with increasing degree, were added to the system for all spherical harmonic coefficients
starting at degree 100. The pseudo-observations serve as a mild constraint on the adjusting size of the
coefficients where applied. The inversion of the resulting system provides the gravity field coefficients
up to degree and order 150.

4. Gravity field solution: EIGEN-GRACEQ02S

The gravity field solution resulting from the least squares adjustment described above is called EIGEN-
GRACEO02SFig. 2shows the estimated signal and error amplitudes per degree for EIGEN-GRACEO02S,
EGM96 (Lemoine et al., 1997) and the CHAMP model EIGEN-CHAMPO3Sp. The GRACE solu-
tion provides full power almost up to degree 120 as can be seen from the comparison with EGM96,
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Fig. 2. Signal and error amplitudes per degree in terms of geoid heights.

which incorporates altimetry and surface gravity data that are not affected by attenuation. The EIGEN-
GRACEO02S errors were a posteriori calibrated based on the scattering of subset solutions. Subset solution
are generated from GRACE data covering different time periods. The variances per degree of the coef-
ficients’ differences between subset solutions are compared with the formal error degree variances a:
resulting from the adjustment. Individual calibration factors for bands of the gravitational spectrum are
then estimated to scale the too optimistic formal error estimates to more realistic ones. The EIGEN-
GRACEO02S errors are about one to two orders of magnitude smaller (degrees 5-60) than the corre-
sponding CHAMP and EGM96 errors. But on the other hand the current solution accuracy is still about
one order of magnitude off from the anticipated GRACE baseline accuracy predicted from pre-mission
numerical simulations. This is partly attributed to residual signals in the very long-wavelength part due
to unmodeled seasonal temporal variations that do not completely average out in the present solution
Fig. 2is complemented by the geoid variability amplitudes per degree due to monthly global continental
hydrological mass transports to illustrate the sensitivity of GRACE to temporal field variations.

Fig. 3shows the error amplitudes as a function of the spatial resolution for the EIGEN-GRACEQ2S,
EIGEN-CHAMPO03Sp, EGM96 and GRIM5-S1 solutions and the difference amplitudes as a function of
resolution between the GRACE solution and EGM96. The analysis of 110 days of GRACE data results
in a largely improved geoid as compared to what is achieved with 25 months of CHAMP data or with the
multi-year, multi-satellite GRIM5-S1 and EGM96 solutions. EIGEN-GRACEOQ2S resolves the geoid with
a 1 cm accuracy down to 275 km half-wavelength. Also the GRACE error curve remains flat on a level of
less than 1 mm down to a half-wavelength resolution of about 600 km while all other gravity models’ error
curves show a steep increase with increasing resolution even at long wavelengths. The geoid difference
as a function of resolution between EIGEN-GRACEO02S and EGM96 reflect the combination of the error
curves for both models. The improvement in gravity field resolution is also visibleFigrdwhere a cut
of the gravity anomalies deduced from the EIGEN-CHAMPO03Sp and the EIGEN-GRACEO02S model,
respectively, is shown.
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Fig. 3. Error and difference amplitudes as a function of spatial resolution in terms of geoid heights.

80

-160 -120-80 -40 0 40 80 120 160 MGal -160-120-80 -40 0 40 80 120 160 MGal

Fig. 4. Gravity anomalies (mgal) derived from the EIGEN-CHAMPO03Sp (left) and EIGEN-GRACEO02S (right) models.

5. EIGEN-GRACEOQ02S comparison against surface data

Comparisons of a satellite-only gravity field model in the spatial domain against independent gravity
anomalies or geoid height data are capable to test the model accuracy homogeneously over all spherical
harmonic coefficients up to the considered resolution. Gravity anomalies and geoid heights were computed
from the spherical harmonic coefficients of a set of gravity field models as block mean values on an equal-
angular global grid with 5and 2.5 spacing, respectively. These are compared against appropriately
filtered geoid heights derived from altimetry over the oceans (CLS01 sea sutiaceqdez et al., 2001
minus ECCO sea surface topograpl8gagmmer et al., 2002 and altimeter-derived gravity anomalies
compiled by US National Imaging and Mapping Agency (NIMA), the set that was used in the EGM96
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Table 3

Comparison of satellite only geopotential models with altimeter-derived geoid helgh@&.(S01 minus ECCO’ oceanic geoid)
and gravity anomalies(g, NIMA marine gravity anomalies) for a grid spacing of & 5° (=degree/order 36) and 2.5 2.5
(=degree/order 72)

Model rms (dN), cm rms (d\g), mgal
5° x 5° 2.5 x 25 5 x 5° 25 x25

EGM96S (pre-CHAMP) 36 70 1.85 5.39
GRIM5-S1 (pre-CHAMP) 44 76 2.00 5.40
EIGEN-CHAMPO03Sp (CHAMP-only: 25 months) 15 33 0.56 3.74
GGMO1S (GRACE-only: 111 days) 14 18 0.29 1.88
EIGEN-GRACEO1S (GRACE-only: 39 days) 14 17 0.28 1.55
EIGEN-GRACEO02S (GRACE-only: 110 days) 14 16 0.28 1.25

rms—root mean square of differences about mean.

model generatiorLemoine et al., 1998 The root mean squares of the differences (after bias elimination)

as given inTable 3show the very good agreement between the EIGEN-GRACEO02S and the surface geoid
and gravity data, but mainly reflect in view Big. 3the long-wavelength errors in the surface data used

for comparison. These cannot compete with the GRACE model’s accuracy at these levels of resolution.
The striking gain in accuracy and resolution with respect to pre-CHAMP and the CHAMP-only models
is obvious, also the benefit of improved processing in the EIGEN-GRACEO2S solution with respect to
the early GRACE solutions GGMO01S and EIGEN-GRACEO1S.

6. Conclusion

The first EIGEN gravity model derived solely from 110 days of GRACE data gives a substantial
improvement in long- to medium-wavelength Earth gravity field recovery. A 1 cm accuracy geoid model
with a spectral resolution up to degree and order 75 has become available, a gain in spatial resolutior
(half wavelength) from 1000 km to 275 km compared to pre-CHAMP gravity models and from 400 km to
275 km compared to a multi-year CHAMP-only model. The EIGEN-GRACEOQ2S model is independent
from ocean and continental surface data, which is of great importance for oceanographic applications, ac
for example, the precise recovery of sea surface topography features from altimetry. It is expected that
upcoming GRACE gravity models, with improved processing methods and computational models, will
further increase the gravity field model’s accuracy towards the mission’s baseline accuracy in order to
be able to resolve reliably the tiny signals of climatologically and geophysically induced temporal field
variations. These include seasonal and interannual variations in the ocean/atmosphere mass distributio
(ocean bottom pressure), in large scale continental water storage as well as in the thickness of the Antarctit
and Greenland ice shields. With the completion of the anticipated five-year mission lifetime also secular
gravitational signatures due to trends in the ice/water mass balance and due to post-glacial adjustment ver
likely will be recoverable from space. Also, high resolution global gravity field models from a combination
of satellite tracking, altimeter and surface gravity data will benefit from the accuracy improvements in the
long- to medium-wavelength part of the gravitational spectrum allowing a more thorough interpretation
of the gravity field for geodynamic processes in the Earth’s mantle/lithosphere system.
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Remark

The spherical harmonic coefficients of the EIGEN-GRACEO2S model can be downloaded from the
GRACE homepagénttp://op.gfz-potsdam.de/grace/results
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