displacements induced by the hector mine earthquake
are measured from USGS airborne imagery and satel-
lite optical imagery and the potential of those measure-
ments is discussed.
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The oblateness of the Earth’s gravity field, J2, has
long been observed to undergo a slight decrease due to
post-glacial rebound of the mantle. Sometime around
1998 this trend reversed quite suddenly. This reversal
persisted until 2001, at which point the atmosphere-
corrected time series appears to have reversed yet
again. Presently, the time series appears to be re-
turning to the value that would nominally have been
reached had the anomaly not occurred. This anomaly
signifies a large interannual change in global mass dis-
tribution whose J2 effect overshadows that of the post-
glacial rebound over such timescales. A number of pos-
sible causes have been considered, with oceanic mass
redistribution as the leading candidate although other
effects, such as glacial melting and core effects may
be contributing. The amount by which J2 returns to
it’s nominal value provides a valuable constraint on
the separation of the causes, and will be considered.
We will present our latest Satellite Laser Ranging and
DORIS Doppler derived time series for J2, and various
other low-degree harmonic terms, as well as our inves-
tigations into the causes. In addition, we will show the
comparison of the J2 results with those derived from
CHAMP, as computed at NASA GSFC, and the recently
released GRACE gravity model.
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Analysis of Satellite Laser Ranging (SLR) data from
multiple satellites over 26 years from 1976 to 2002 in-
dicate that the Barth?—s dynamic oblateness, as rep-
resented by the J2 coefficient, undergoes both seasonal
and long-term variations. The dominant signatures in
the observed variations in J2 are (1) a secular decrease
with a rate of -2.75x1.0e-11/year, which is mostly due
to postglacial rebound, (2) seasonal variations, which
have a mean amplitude of 2.9x1.0e-10, associated with
the Earth?—s annual mass redistribution and (3) sig-
nificant interannual variations with time scales of 4-
6 years. Two large interannual variations in J2 can
be related to the strongest El Ni?o-Southern Oscilla-
tion (ENSO) during the periods of 1986-1991 and 1996-
2002. The ENSO related large fluctuations cannot be
explained by current models since the interannual mass
redistributions within the atmosphere, ocean and conti-
nental hydrology contain significant uncertainties. The
observed fluctuations with 4-6 year time scale indicate

the impact of the ENSO phenomenon on the large-scale
global mass redistributions within Earth?-—s system
components.
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Recent satellite measurements have revealed a sud-
den change in the behaviour of the J2 (i.e. Earth’s
oblateness) time-series (Cox and Chao, 2002). Such an
anomaly suggests an important redistribution of mass
at the surface of the Earth from the high-latitude to
the equatorial regions. In particular, air and water
masse inside surface reservoirs (atmosphere, oceans,
continental water storage -soil moisture, ground wa-
ter, snow depth and ice reservoirs- (Cox and Chao,
2002, Dickey et al., 2002, Nerem et al., 2002, 2003,
Chao et al., 2003)). In this study, we have reconsidered
the long time-seriesof each fluid contribution using out-
puts of global atmosphere, ocean and hydrology models
(ECMWF and NCEP for atmospheric surface pressure;
POCM, OPA, MIT simulations and ECCO assimilation
for ocean bottom pressure; LaD model for continental
waters -soil moisture, groundwater,and snow cover- ).
‘We have also considered the contribution of mountain
glaciers melting using data from NSIDC. We show that
the J2 anomaly bulge of 1998-2000 coincides with a sig-
nificant increase of the degree-2 zonal harmonic of the
oceans. Empirical Orthogonal Functions (EOF) analy-
ses of the atmospheric, oceanic and hydrological fields
allow us to better understand the importance of each
contribution.
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Variable motions of the ocean are changing the
Earth’s gravity field. For example, mass exchange in
the Pacific Ocean is considered to be the most proba-
ble source of the recent rapid and large change in the
J2 term, which may be related to the ENSO event in
1997 (Cox and Chao, 2002). The actual ocean mass ex-
change related to that event was also observed from
ocean bottom pressure records (OBPRs) offshore of
Peru (Fujimoto et al., 2003). On the other hand, satel-
lite altimetry measurements, such as TOPEX /Poseidon
(T/P), enable us to estimate the oceanic effect on grav-
ity observations using globally-gridded data for sea sur-
face height (SSH) variability. However, the altimeter
data are affected by steric changes in the ocean, which
should not contribute to the observed gravity changes
(for example, Sato et al., 2001). In order to examine
the relation among the mass exchange in the oceans,
SSH variation, and gravity changes, we began a three-
year observation project in 2001 to measure the ocean
bottom pressure changes at the three crossover points
of the T /P satellite off Sanriku, Japan: 143.1E, 39.2N
(Point-A); 146.0E, 39.2N (Point-B); and 144.6E, 41.5N
(Point-N). The data are sampled at an interval of one
minute. Here, we will report the analysis results for the
OBPR data for the two years since the beginning of the
observations. Although the records at Point-N show a
peculiar time variation, we obtained clear tidal signals
at Point-A and Point-B. We compared the tidal analysis
results with a global ocean tide model, NAO99b (Mat-
sumoto et al., 2000), and we confirmed that, at both
Point-A and Point-B, the predicted tides agree to the
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actual observations within the difference of 1 % in am-
plitude for the four major tidal waves: M2, S2, K1 and
O1. This suggests that it may be possible to correct
the tidal effect on the satellite gravity data with an ac-
curacy of about 1 % by using recent global tide models.
We also compared residuals of the OBPR data, which
were obtained by subtracting the tides and long-term
trend, with the T/P data. Two corrections were applied
to the T/P data: one for the tide and one for the in-
verted barometer (IB) response of the ocean to air pres-
sure changes. We found that at Point-B (about 350 km
from the nearest coast) the corrected T /P data show
temporal variations well correlated with the pressure
observations. However, at Point-A (about 110 km from
the coast), no meaningful correlation is observed. Our
results suggest the possibility that the SSH variations
observed from T/P may exhibit the barotropic com-
ponent in the open ocean distant from coastal regions
where western boundary currents are dominant. For
the two-year observations at Point-B, the barotropic
signals have a magnitude of about 7 cm in the peak-
to-peak amplitude and show four dominant peaks at
periods of 205, 128, 50, and 28 days.
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A large change in the Earth’s oblateness that ap-
parently began in 1998, was recently detected using
satellite laser ranging data (Cox and Chao, 2002). The
characteristics of this anomaly, though, are sensitive to
the way in which the 18.6-year tidal contributions are
modeled. Results obtained by fitting and removing in-
phase and out-of-phase 18.6 year terms, suggest that
the anomaly could, instead, be part of a quasi-periodic
perturbation with an approximately 10-year cycle. The
results we obtain for the 18.6 year tide, combined with
other earth tide and earth rotation estimates, are con-
sistent with an anelastic model of the Earth that as-
sumes a frequency-dependence for Q that is in rough
agreement with that inferred from laboratory measure-
ments.
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Recently, Satellite Laser Ranging (SLR) data have
been used to detect a large change in the Barth’s
oblateness during 1998-2002 [Cox and Chao, 2002]. The
leading candidates for the cause of this change are
mass redistribution in the oceans and the melting of
mountain glaciers [Dickey et al., 2002]. Most stud-
ies of this phenomena have employed estimates of the
low-degree spherical harmonic coefficients in compar-
isons of the observations and the models. Here, we
present preliminary results using the same SLR obser-
vations to estimate the amplitude of geophysical “fin-
gerprints” describing mass redistribution in different
components of the Earth system (Antarctica, Green-
land, post-glacial rebound, ocean-continent mass ex-
change, mountain glaciers, etc.). We take spherical har-
monic expansions of these fingerprints, and use them
to linearly transform the SLR spherical harmonic solu-
tions into a set of new parameters that describes the
estimated amplitude of each of the fingerprints. This
is done on a monthly basis from 1980-2002 (bimonthly
before 1992) so that the time variation of the ampli-
tude coefficients may be studied. We will present an
interpretation of these results in the context of inves-
tigation the anomalous gravity variations during 1998-
2002. While this technique is particularly useful for a
spatially sparse dataset such as is provided by SLR, we
will also discuss the benefit of analyzing data from the
CHAMP and GRACE missions using this same tech-
nique.
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The global reservoir of small (or mountain) glaciers
may be experiencing an accelerated phase of net melt-
ing. BEstimates of the recent mass balance of large sys-
tems of such glaciers using point measurements of ac-
cumulation and discharge rates or changes in ice sheet
height along profiles obtained from altimetry are sub-
ject to biases associated with incomplete sampling. In-
tegrated measurements, such as changes in sea level
and the geoid (or sea surface) are more robust in this
specific sense. However, these variations may be con-
taminated by signals from past (i.e., Pleistocene to
Late Holocene) glacial fluctuations. As an example,
in regions with low asthenospheric viscosity, such as
Alaska and Patagonia, predictions of radial crustal mo-
tion (and thus sea level) are known to be highly sensi-
tive to the local glacier history over the last few thou-
sand years [e.g., Ivins and James, 1999, Larsen et al.,
2003; Tamisiea et al., 2003]. In contrast, the predicted
geoid (sea surface) variation in the same regions is in-
sensitive to this aspect of the loading history [Tamisiea
et al., 2003]. In this talk we extend this work to con-
sider predictions of present-day geoid patterns arising
from past glacial fluctuations of various time scales.
We demonstrate that measurements of geoid variations
in the vicinity of small glacier systems provide a re-
markably robust (i.e., uncontaminated) measure of the
ongoing mass balance of these systems. We conclude
that such measurements should be a key target of ex-
isting and future satellite gravity missions.
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Earth strain and gravity responses to tides or at-
mospheric loads, are generally calculated assuming ra-
dially stratified earth models, and at hydrostatic equi-
librium. However, some local observations show unex-
plained perturbations on the tidal gravity signal. A
possible cause for those perturbations may be the ne-
glect of rheology and density lateral variations as well
as the non hydrostaticity of the Earth. We have in-
vestigated a non radially symmetrical earth numeri-
cal model with the intent to study the earth response
to low frequency forcings. This model uses a finite
element method (spectral elements) developed on the
cubed sphere mesh (Chaljub et al., 2003 ; Ronchi et
al., 1996), and has resolved the static gravito-elasticity
equations. The non-hydrostaticity has been taken into
consideration by a first order perturbation theory. As a
first validation of our model, we computed the M2 and
M3 tidal earth response for a radially stratified model:
the Preliminary Referential Earth Model. We obtained,
as expected, PREM Love numbers with a very good ac-
curacy. As a second validation, we calculated the effect
of ellipticity of the Earth and compared, for homoge-
neous model or for PREM, our numerical results with
analytical solutions (using Maple computations), or lit-
erature solutions. Finally, as first applications, we have
investigated the influence of the lateral variations in-
duced by oceanic -continental crust distribution, and
the possible influence of a mega-plume on gravity tide.

In the future, we also intend to extend our approach
to more local studies, for features affected by other
forces than Earth tides.
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The beginning of the science processing for the
GRACE mission, called Level-1 processing, consists
of data reformatting, data compression, editing, and
precise time tag alignment based on GPS precise or-
bit determination for the formation of the dual one
way range. This task is performed at the Jet Propul-
sion Laboratory, California Institute of Technology
(JPL) GRACE Science Data System team working
in cooperation with the Physical Oceanography Data
Active Archive Center (PO-DAAC). In this talk an
overview will be given of the data flow from raw teleme-
try (Level-0) to Level-1 data which is used to es-
timate gravity fields by the Level-2 processing cen-
ters at the Center for Space Research, University of
Texas at Austin, GeoForschungs Zentrum, Potsdam and
JPL. Furthermore, a quality control assessment for the
Level-1 data products will be discussed as well as expe-
rience gained by processing the GRACE data set. Fi-
nally an overview will be given of all science data prod-
ucts to be distributed to the science community and the
method of distribution.

URL: http://www.csr.utexas.edu/grace
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GRACE measures the Earth’s gravity field with
great precision and detail. The gravity signal is
deduced from the measured relative motion between
the two satellites, corrected for all non-gravitational
forces acting on the two satellites. Thus, a very so-
phisticated system of sensors with K-Band microwave
inter-satellite ranging, GPS, micro-accelerometry, star-
tracking and angular control together forms the gravi-
metric system. A simulator of this integrated sensor
system has been constructed. Employing realistic mod-
els for gravitational as well as non-gravitational forces,
satellite geometry and attitude, the expected GRACE
signal can be simulated realistically. The noise mod-
elling of the sensors is based on performance specifi-
cations. The simulator serves three purposes: (1) to
deliver a thorough understanding of the sensor system,
as well as its signal and noise behavior, (2) to compare
anticipated and real system performance by analysis of
real data and simulated data, (3) to identify processing
errors and possible malfunctions. Based on a three day
test data set K-Band and differential mode accelerom-
etry have been analyzed in detail. Signal characteris-
tics, the noise level as well as signal-to-noise behavior
of the K-Band system are close to the anticipated per-
formance. More complex is the situation for the differ-
ential accelerometry signal where actual, simulated and
predicted performance show some disagreement that
needs explanation.
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At present, there are three techniques for the com-
putation of the Earth’s gravity field from a satellite
orbit: (i) the ”classical” approach based on the inte-
gration of variational equations (IVEA); (ii) the en-
ergy balance approach (EBA); (iii) the acceleration ap-
proach (AA), which directly relates the satellite accel-
erations to the gravity field in accordance with New-
ton’s second law. Most of the results have been ob-
tained so far with the IVEA and EBA. The AA is be-
lieved to be inferior because the double differentiation
needed to convert the satellite orbit into the satel-
lite accelerations amplifies data noise dramatically. We
show that that a poor performance of the AA is a myth.
One can easily prove that the solution of an inverse
problem is invariant with respect to the linear trans-
formation of the data vector of the kind d° = B d
(where d is the original data vector, d’ is the trans-
formed data vector, and B is the transformation ma-
trix) provided that the matrix B is square and invert-
ible. The only pre-requisite is that the optimal estima-
tion procedure is followed, including the usage of the
properly transformed covariance matrix: Cd/ =B Cy

B7T. In other words, such data vectors d’ and d are
equivalent. It is easy to show that the satellite posi-
tions and satellite accelerations are two nearly equiva-
lent data sets (in order to reach a strict equivalence, the
latter can be supplied, e.g., with the initial state vec-
tor). Therefore, these data sets may result in nearly the
same gravity field model. A decision which technique
is preferable should be made on the basis of practical
considerations, e.g. the numerical efficiency. Accord-
ing to our experience, the AA leads to a much faster
computational scheme than the IVEA. Furthermore, we
have considered the EBA. It is easy to show that a set
of kinetic energy measurements is nearly equivalent to
a set of along-track satellite accelerations. The other
two components of the acceleration vectors are ignored
by the EBA. Therefore, one can expect that this tech-
nique is about V3 times less accurate than the IVEA
and AA (provided that all 3 acceleration components
are equally informative and accurate). This conclusion
can also be justified from the physical point of view.
The cross-track and the radial components of the of
the gravitational forces, which are responsible for cor-
responding accelerations, are always directed normally
to the elementary path. Therefore, they do no work
and are not perceptible in terms of the energy bal-
ance. Our theoretical findings are supported by a nu-
merical example. A 10-day drag-free repeat satellite
orbit of 246-km altitude with 1-s sampling is consid-
ered; the orbit corresponds to the EGM96 gravity field
model truncated at degree and order 80. The satel-
lite positions are artificially contaminated with l-cm
white noise, after which satellite accelerations are de-
rived. Then, the gravity field model is computed with
the AA and EBA. The accuracy of the results obtained,
expressed in terms of average geoid height errors (in the
latitudinal band 4 80°), turns out to be the following:
AA (all three acceleration components are considered):
29.7 cm; AA (only the along-track component is con-
sidered): 50.3 cm; EBA: 52.1 cm. In order to compare
the AA and the IVEA, we have considered a similar
data set but with 15-s sampling. The models obtained
are characterized by the following accuracy: IVEA: 111
cm; AA: 114 cm. These results agree very well with the
theoretical expectations.
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Conventional modeling techniques often make use of
a one day integration period (arc) in order to recover
as much of the gravity field signal as possible. This
one day arc length has served as a reasonable compro-
mise between the ability to resolve the long period orbit
perturbations from the gravity field and the growth of
various modeling errors due to the extended integration
time. The nature of the observables from the GRACE
mission, however, may make it more effective to use a
shorter arc length (i.e., less than one day). The data
gathered by the GRACE mission differs from classical
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