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The global reservoir of small (or mountain) glaciers
may be experiencing an accelerated phase of net melt-
ing. Estimates 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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Mantle Lateral Variations and Earth
Tides

Laurent Metivier1 (lalmetiv@ipgp.jussieu.fr)

Marianne Greff-Lefftz1 (greff@ipgp.jussieu.fr)
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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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Integrated Sensor Analysis for 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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Comparison of three techniques for
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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: C

d′ = B Cd

BT . 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

√
3 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 1-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 ± 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.

G32A-0723 1330h POSTER

The Effect of Arc Length on GRACE
Gravity Models

Brian Gunter1 (512-471-6728;
gunter@csr.utexas.edu)

Zhigui Kang1 (512-471-0163; kang@csr.utexas.edu)

John Ries1 (512-471-7486; ries@csr.utexas.edu)
1The University of Texas at Austin Center for Space

Research , 3925 West Braker Lane Suite 200,
Austin, TX 78759-5321, United States

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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methods by relying principally on the high precision
measurement of the short-period, differential pertur-
bations of the two GRACE satellites. As a result, a
shorter arc length should still be able to resolve the
long wavelength components of the gravity field effec-
tively without suffering from the longer period model-
ing errors associated with the longer arc lengths. Using
data from the GRACE mission, this study will present
results from a series of experiments designed to test
the influence of both short and long arc lengths on the
estimation of the gravity field.
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In this presentation we discuss our plans for produc-
ing monthly estimates of basin-scale changes in total
water storage from GRACE observations of the time-
variable gravity field. Monthly changes in total water
storage (snow, surface waters, soil water and groundwa-
ter) will be estimated for several large (>200,000 km2)
watersheds around the globe. Water storage change
estimates will be compared to those derived from ob-
servations as well as to those produced from assimi-
lating land models such as the Global Land Data As-
similation System (GLDAS). Uncertainty estimates will
incorporate errors due to instrument limitations, at-
mospheric mass removal, post-glacial rebound, basin
leakage and aliasing of high-frequency hydrologic sig-
nals. The importance of GRACE-derived water storage
changes in hydrology and Earth system science will be
highlighted.
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Global time-variations of hydrological
signals from GRACE satellite
gravimetry
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Successfully launched in mid-March 2002, the goal
of the GRACE (Gravity Recovery & Climate Ex-
periment) satellite mission is to measure the spatio-
temporal variations of the Earth’s gravity field with
high accuracy ( 1 cm in terms of geoid height) and a
spatial resolution of 200-300 km for a nominal period of
five years. The unprecedented precision of the GRACE
mission will enable us to detect tiny time-variations
of the gravity field related to global redistributions of
fluid masses at the surface of the Earth. We preent
here a new approach based on the generalized least-
squares inverse method to unravel the different con-
tributions of the main surface water reservoirs (atmo-
sphere, oceans, total continental water storage) from
time-series of monthly-mean GRACE geoids. The syn-
thetic GRACE geoids were computed from outputs of
global models of different climatic fields. Because of
the non-uniqueness of the classical inverse problemes
in gravity, independant information were added before
inversion. In dividual geoid components of each hy-
drological contribution obtained as a solution of the
inversion was then converted into a map of equivalent-
water thickness using a linear filtering of the spherical
harmonics of the geoid solutions. Validation consisted
of comparaing the soil moisture solutions with inde-
pendent information of in situ soil moisture time-series
from Robock’s database (Robock, 2002). Analysis of
the errors after ”de-correlation” suggests that the pro-
posed inverse approach is able to recover global changes
of water mass at time scales of at least a few weeks and
accuracy of a few millimeters in water thickness.
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The GRACE mission, which was launched in March

of 2002, should have orbit coverage nominally sufficient
to estimate the gravity field as a piecewise mean every
30 days with a spatial resolution on the order of 400
km. Due to the nature of this orbital the orbit sam-
pling, short period mass variability will not be com-
pletely observable. This short period variability can
alias into the longer period gravity estimates at a va-
riety of spatial scales, affecting the accuracy of the
gravity results. Perfect knowledge of the short period
(primarily daily) mass variability of the Earth would
be required to remove the aliasing effects completely.
Since the true variability is not known, simulations are
used to estimate the aliasing error that may be present
in the GRACE gravity estimates. Contemporary at-
mospheric, ocean, and hydrology models are used to
approximate the variability present in the Earth’s dy-
namical system. Different combinations of these mod-
els will be used to construct an estimate of the un-
modeled signal present during GRACE gravity recov-
ery. The aliasing error determined from these simu-
lations will be described. GRACE data processing has
adopted an atmosphere-ocean de-aliasing (AOD) model
provided by GeoForschungsZentrum Potsdam (GFZ).
The AOD product is based on six hour global data from
the ECMWF combined with a barotropic ocean model.
The time series of geopotential coefficients from this
product is used in order to remove some of the short
period variability due to the atmosphere and oceans.
At a minimum, the impact of using an AOD model will
need to show no degradation in the orbit determina-
tion, measurement residuals, or covariance of the grav-
ity fields. We will discuss the implementation of the
AOD model in the GRACE data processing and com-
pare the resulting gravity estimates with gravity esti-
mates that did not use an AOD model. Furthermore,
the GRACE solution perturbation due to using or not
using the AOD model will be contrasted with corre-
sponding aliasing simulations.
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We have produced predictions of contempory spa-

tial and temporal changes in the geoid about Greenland
arising from glacial-isostatic adjustment, with the aim
of resolving to what degree such changes may be de-
tectable by gravity space missions (CHAMP, GRACE).
These geoid changes may be divided into those result-
ing from the ongoing effect of the deglaciation follow-
ing the Last Glacial Maximum, and those from present-
day variations in the global ice regime. We will focus
on the Greenland Ice Sheet, making use of two mass-
balance models that have been derived from indepen-
dent sources.
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Introduction Density distributions derived from

highly resolved seismic tomography and viscosity mod-
els of Earth’s mantle are investigated in analytical and

numerical flow models. The aim of this project is to
fit the models’ predicted observables to the GRACE
satellite-mission’s gravity and geoid measurements and
the field’s variation with time and to reproduce es-
timates of dynamic topography as an additional con-
straint. Advection of a given density field yields tem-
poral variations in the geoid and dynamic topography.
In order to investigate whether identifiers of such man-
tledynamic processes may be discerned from other sig-
nals contained in GRACE-data, these quantities will
be analyzed in the spatial and spectral domain. This
permits predictions for regional mantledynamic contri-
butions and renders variations of the harmonic coef-
ficients with time, thus providing corrective fields to
apply to GRACE-data. Modelling Advection of man-
tle density distributions derived from seismic tomogra-
phy drives a flow. The variables of the governing flow
equations are expressed in terms of products of radial
functions and scalar spherical harmonics, yielding a set
of coupled first order differential equations. Spheroidal
and toroidal terms decouple, the initial solutions for a
set of boundary conditions are propagated through a se-
ries of shells of constant values for the sought variables
by the propagator matrix [Panasyuk and Hager, 1996].
This in turn yields solutions in the form of boundary
vectors that give the fluid velocities, stresses, gravita-
tional potential and its radial derivative at any radial
level in the earth. Results We reproduce 70 % of the
observed long-wavelength geoid corrected for isostati-
cally compensated crust and oceanic lithosphere. Grav-
ity field measurements and estimates of dynamic to-
pography [Panasyuk and Hager, 2000] serve to further
constrain the range of acceptable models. Advection
of density distributions of best-fitting models permits
first estimates of the magnitude of temporal geoid vari-
ations. According to our preliminary results, the time-
dependent geoid signals produced by mantle-dynamic
processes may reach or exceede the expected resolu-
tion limits for temporal geoid changes of the 5 - year
GRACE mission. An iterative search of the parameter
space should yield models of improved fit to the observ-
ables and its variations. References S.V. Panasyuk
and B.H. Hager. Understanding the effects of mantle
compressibility on geoid kernels. Geophysical Journal In-
ternational, 124:121-133, 1996. S.V. Panasyuk and B.H.
Hager. Models of isostatic and dynamic topography,
geoid anomalies, and their uncertainties. Journal of Geo-
physical Research, 105:28,199-28,209, 2000.
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Changes in the Earth’s rotation are caused by mass
redistribution and movement within the Earth system
(i.e. mass and motion effects). The successful separa-
tion of mass and motion excitations of the Earth’s ro-
tation provide people a unique opportunity to indepen-
dently determine the degree 2 gravitational changes.
These results can serve as observational constraints to
the GRACE observation. In this study, we estimate
atmospheric wind and oceanic current effects on the
Earth’s rotation using NCEP reanalysis atmospheric
model and the ECCO data assimilating ocean general
circulation model developed at NASA JPL. After these
two kinds of effects are removed from the Earth’s rota-
tional observation, the remaining excitations are used
to infer the degree 2 spherical harmonic change. We
will compare these preliminary solutions with geophys-
ical model predictions and satellite laser ranging obser-
vations, and estimate uncertainties of these solutions.
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CHAMP spacecraft is the first of a series of new
spacecraft missions that are revolutionizing our ability
to model the Earth’s geopotential. We report on the
analysis of over 100 days of CHAMP data in 2001 and
2002, merged with tracking data of other satellites such
as Jason, Topex, GFO, Starlette, Stella, Spot-2, as well
as satellite altimetry. We find that the CHAMP-only
component of these solutions is a significant improve-
ment over pre-CHAMP satellite only models with re-
spect to the high degree information expressed by the
geopotential model coefficients. For example, the vari-
ance of the differences with altimeter-derived anomalies
through degree 70 is 2.80 mGal2 for the CHAMP-only
solution based on 87 days of data vs. 10.19 mGal2 for
EGM96S. Nonetheless, in order to model properly the
various resonances to which different satellites are sen-
sitive, we must include other satellite data. We com-
pare the performance of these new CHAMP derived so-
lutions with EGM96 and the EIGEN series of solutions.
We review carefully the performance of these models for
altimetric satellites.
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During the last three years the KMS global marine
gravity field has been improved in corporation with Na-
tional Imaginary and Mapping Agency (NIMA). These
improvements have resulted in a release of KMS99 and
KMS2001 gravity fields. Especially, the KMS99 grav-
ity field presented a significant improvement in com-
parisons with marine observations, as well as global
coverage within the 82 degree parallels by adding the
ERS-ERM data. The subsequent, KMS2001 only re-
sulted in minor improved gravity field modelling. A
new revised global high resolution marine gravity field
KMS2002 is presented in this Combining this fine-
tuning with careful edition of data are expected to
improve the KMS2002 gravity field, in particularly
coastal regions. Improved resolution and data coverage
in particularly ice-covered regions are other improve-
ments, which is currently under investigation. The
KMS gravity field modelling approach uses the ob-
served sea surface height anomalies relative to EGM96
and converts these into gravity using FFT techniques.
For the KMS2002 focus has been on improved map-
ping of the intermediate wavelength (100-250 km) of
the gravity field using the exact repeat mission data
from the TOPEX/POSEIDON and ERS-2 satellite mis-
sions. The KMS2002 gravity field is accompanied with
a high-resolution bathymetry model and a high resolu-
tion mean sea surface.

URL: http://research.kms.dk/GRAVITY
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Asymptotic Theory for Calculating
Geoid Change Caused by Dislocations
Buried in a Spherical Earth

Wenke Sun (81-3-5841-5721;
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Earthquake Research Institute, University of Tokyo,
Yayoi 1-1-1, Bunkyo-ku, Tokyo 113-0032, Japan

Space techniques, e.g., altimetry and gravity mis-
sions, become powerful tools in modern geodesy. They
can be widely applied in geodetic, oceanographic and
geodynamic studies. As a potential application, they
provide us with powerful means to detect geoid (or
sea level) change caused by earthquake due to their
nearly continuous measurements of sea level and geoid
over repeat period intervals. To investigate co-seismic
geoid (sea level) change or to interpret observed geoid
changes by altimetry or gravity missions, theoretical
work on co-seismic deformation is also necessary. Dis-
location problem for a half-space was studied by many
scientists. They presented analytical expressions for
calculating surface displacement, tilt, and strain due
to various dislocations buried in semi-infinite medium.
Especially, Okada (1985) summarized previous studies
and presented a complete set of analytical formulae for
calculating these geodetic deformations. Okubo (1991,
1992) proposed expressions in closed form to describe
potential and gravity changes due to dislocations. Due
to their mathematical simplicity, these dislocation the-
ories have been widely applied up to the present day
to study or invert seismic faults. However, validity
of these theories is strictly limited to a near field be-
cause Earth’s curvature and radial heterogeneity are ig-
nored. Therefore, a dislocation theory for a more real-
istic earth model is demanded to interpret far field de-
formation. A homogeneous or stratified sphere should
be considered for this purpose. A homogeneous sphere
model is obviously superior to half-space since it in-
cludes earth curvature. Efforts to develop formulations

for such an earth model were advanced through numer-
ous studies. These studies revealed that earth’s curva-
ture effect is negligible for shallow events, while ver-
tical layering may have considerable effects on defor-
mation fields. However, Sun and Okubo’s (2002) re-
cent study indicates that both curvature and vertical
layering have significant effects on co-seismic deforma-
tion. Compared to the half space and homogeneous
sphere models, a stratified sphere is the most realis-
tic; they reflect both sphericity and stratified struc-
ture of the earth. Sun and Okubo (1993, 1998) and
Sun et al. (1996) presented theories to calculate co-
seismic displacements and gravity changes in spheri-
cally symmetric earth models. Okubo (1993) proposed
a reciprocity theorem for connecting solutions of dis-
location and tidal, shear and load deformations. This
theoretic result provides a useful tool for the current
study. The above studies concerning different earth
models indicate that different theories have different
advantages and disadvantages. For the half-space earth
model, corresponding theories are mathematically sim-
ple and can be used easily in an application. However,
the disadvantage of the theories is that the earth model
is physically too simple to reflect sphericity and strati-
fied structure of the earth. On the other hand, theories
for spherical earth models are physically better, but
are mathematically tedious due to numerical integra-
tion and summations (Sun and Okubo 1993, 1998; Sun
et al., 1996). Therefore, to overcome the disadvantages
of the two cases, in this study, we present a new asymp-
totic theory as an approximation of the dislocation the-
ory. The co-seismic geoid (sea level) change is investi-
gated and a set of asymptotic expressions is presented
for calculating potential and geoid changes caused by
four independent seismic sources. This theory is valid
in near and regional areas. Note that although geoid
and sea level are different physical concepts, their co-
seismic changes are considered to be the same.
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The ability of the mantle to withstand stress-
difference due to superimposed loads would appear to
argue against flow in the Earth′s mantle, but the ironic
fact is that the satellite determined gravity variations
are the evidence of density differences associated with
mantle flow. The type of flow which is most likely to
be involved concerns convection currents. For the past
4 decades, models of mantle convection have made re-
markable advancements. Although a large body of ev-
idence regarding the seafloor depth, heat flow, litho-
spheric strength and forces of slab-pull and swell-push
has been obtained, the global seismotectonic stresses
in the Earth are yet to be determined. The problem is
that no one has been able to come up with a satisfac-
tory scenario that must characterize the stresses in the
Earth which cause earthquakes and create tectonic fea-
tures. The stress generated by mantle convection under
the crust are inferable from high degree (n≥13) spher-
ical harmonics of the geopotential. Therefore, satellite
gravity missions may be able to seek the Earth’s grav-
ity signals for investigating the seismotectonic effect of
these subcrustal stresses. It is well known that sub-
crustal stress patterns for (13≤n≤25) are applicable to
identify the forcing mechanisms for uplift, depression,
rifting, volcanism, seismicity, plate motion, kimberlite
magmatism, ore formation and hot spots distributions
on the surface of the Earth. However, in order to pro-
vide significant insights into the origin of earthquakes
and the formation of tectonic features, subcrustal stress
patterns for (13≤n≤150) are required. To meet this
requirement, satellite gravity missions during the past
40 years have improved and extended the spherical har-
monic model of the Earth’s gravitational potential up
to degree and order 360. This gravity model can be
used to compute the stresses under the crust accurate
enough to identify stress concentrations for earthquakes
and realize tectonic features in the crust. In this paper,
we have stiched together the satellite gravity data with
a single thread of mantle convection. In this way, we
have obtained a series of subcrustal stress patterns up
to harmonic degree 150 from which 10 stress patterns
are selected and displayed. Subcrustal stress maps for
n=13 through n=150 illustrate the recognition progress
of the modern world. A map of earthquakes for Ms>7.0
from 1976 to 2000 is also given for reference. The in-
tense seismicity in the subcrustal stress concentration
belt (the ring of fire around the Pacific) is expected.

A broad band of seismicity extends from southern Eu-
rope to southeast Europe to southeast Asia; this is as-
sociated with the subcrustal stress concentration belts
in Europe, Africa, Arabian, and Asia. These results
seem to provide significant insights into the origin of
the earthquakes and formation of the world.
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Continuous gravity change observations with a su-
perconducting gravimeter (SG) are carried out for more
than 12 years at Esashi Earth Tides Station, NAO,
Japan. The objects of the observations are the studies
of earth tide, core dynamics, secular change of gravity,
and so on. Collocated absolute gravity measurements
with an FG5 gravimeter of Kyoto University are regu-
larly carried out once a year since 2000. The purposes
of the collocated observations are, 1) to determine the
scale factor of the SG at Esashi Station, 2) to con-
straint secular gravity change at the Station, and 3)
to monitor long term stability of the SG. The SG has
a high resolution in gravity changes, but it has a drift
(even it is small) in the long term phenomena. The
collocated observations of SG and FG5 reinforce their
capabilities each other, and enable high resolution and
long term stable gravity change observations. About
the determination of the scale factor of the SG, it was
estimated within the accuracy of 0.07%. The accuracy
of at least 0.1% is required to compare observed tidal
factors with theoretical ones. About the long term phe-
nomena, annual change and pole tide are discussed al-
ready until now. The absolute gravity measurements
give more constraint in the studies of such long term
gravity changes.
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During solar eclipses in recent decades, gravity
anomalies were observed and difficult to be explained
by Newton’s gravitational theory. During the solar
eclipse of 1995, India scientists Mishra et al. recorded a
gravity valley in amplitude of 12 µGal; they interpreted
that qualitatively as atmospheric effects. During the
total solar eclipse of March 1997, we conducted a com-
prehensive geophysical observation at Mohe geophysi-
cal observatory of China (with latitude of 53.490N and
longitude of 122.340E. From the data we recorded, we
found two valleys about 5 to 7 µGal. Unnikrishnan et
al. inferred this gravity anomaly was caused by the en-
vironment changes. We know that the observation had
been conducting in a room inside a small building with
a stable coal heating system; the temperature varia-
tion inside the experimental room was less 10C during
the eclipse. Moreover, the measured atmospheric pres-
sure change was less 1hPa during the eclipse. It is rea-
sonable to believe that surrounding environment of the
observatory excluded the significant gravity variations
caused by temperature, pressure variation and local
moving of persons and vehicles. To further study the
gravity effects related to solar eclipses, our scientific
team took more observations during Zambia total solar
eclipse of June 2001 and Australia total solar eclipse of
December 2002. After data corrections, we found re-
spectively two gravity anomalies, with 3 to 4µGal for
Zambia eclipse and 1.5µGal for Australia eclipse. As
many scientists have pointed out that pressure-gravity
factor is lower than 0.3µGal/hPa, it means that any
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gravity anomaly great than 0.5µGal could not be in-
ferred as the results of atmospheric pressure change.
The two more gravity anomalies recorded during the
solar eclipses provided us strong evidences that some
gravity anomalies could not simply be inferred as at-
mospheric pressure change. We have tried to explain
those anomalies by the induced gravitational field.
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A new gravimetric geoid, USGG2003, and a new hy-
brid geoid, USHG2003, were developed to replace the
existing models (G99SSS and GEOID99, respectively)
for the United States. USGG2003 was developed from
much the same gravity data, however, significant im-
provements were made regarding the quality and use of
DEM’s in the remove-compute-restore technique. This
one-arcminute model is in the ITRF00 reference frame,
refers to a GRS-80 ellipsoid, and models the geopoten-
tial surface with W0 = 62636856.88 m2/s2. A com-
parison was made between geoid heights derived from
USGG2003 and more than 11,000 GPS/leveling data
in the Fall of 2003. The GPS/leveling data were from
NOAA’s National Geodetic Survey database and pro-
vided GPS-derived ellipsoidal heights (above NAD 83)
on leveled bench marks (above NAVD 88). Due to the
varying quality and distribution of the GPS/leveling
data and systematic errors is USGG2003, significant
differences occurred at short (100 km) and long (650
km) wavelengths. The complicated relationship be-
tween data of varying quality generated an empirical
“curve” that could no longer be accurately fit by means
of a single positive-definite matrix in Least Squares
Collocation. An improved LSC methodology that used
a combination of positive-definite matrices generated
a mathematical model that better followed the empir-
ical data. USHG2003 was created from a conversion
surface developed from this improved LSC methodol-
ogy using USGG2003 and the GPS/leveling from Fall
2003. Both GEOID99 and USHG2003 were compared
to the GPS/leveling data from which they were respec-
tively derived to check for any remaining signal or mis-
fit. This misfit lowered from 4.6 cm (1σ) for GEOID99
to about 2.8 cm (1σ) for USHG2003. The misfit de-
rived from both an uncorrelated signal (thought to
derive from the random error in the GPS observa-
tions) and a correlated component (which could de-
rive from any either the GPS or leveling adjustments
as well as USGG2003). The correlated signal was
about 2.5 cm (1σ) with a 20 km correlation length for
GEOID99, while it was less than 1.7 centimeter at 6
km for USHG2003. This improvement does not nec-
essarily imply that more “noise” was incorporated into
USHG2003. The shortest correlation length used in the
improved LSC method was only 100 km, which is still
a significant scale. Hence, USHG2003 is a better model
for converting between the NAVD 88 and NAD 83 da-
tums.
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The behaviour of gravity within the topographic
masses needs to be known for the determination of
different gravity field parameters such as geoid height
or orthometric height. For example, geoid determina-
tion by Stokes’s formula requires downward continua-
tion of gravity data to the geoid and the orthometric
height is defined by the mean gravity along the plumb
line between the Earth’s surface and the geoid. In the
past, different approximations (hypotheses for the to-
pographic masses) have been used in order to derive
gravity along the plumb line from the measured gravity
at the Earth’s surface. In this study a remove-restore
technique based on the Poincaré and Prey reduction
is used to determine gravity within the topographic
masses. The actual free-air gradient in the reduced
field is derived from the generalized Poisson’s equa-
tion. From the gravity values given along the plumb
line mean gravity as well as the mean gravity gradient
are computed and compared with different (approxi-
mated) values used in the past. The results for mean
gravity and the mean gravity gradient can be used in
gravimetric geoid computation to realize an improved
downward continuation as well as improved computa-
tion of orthometric heights from levelling and gravity

measurements. Numerical results for mean gravity and
the mean gravity gradient are given for two sample ar-
eas in Australia representing an area with a large range
of topographic mass-density values and a mountainous
area. Furthermore, the mean gravity values computed
from different methods are used to estimate the effect
on the orthometric height.
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An improved gravimetric geoid model for Japan is
developed by combining an altimetric gravity model,
KMS02 with terrestrial gravity data. Additional ter-
restrial gravity data were newly obtained in some data
gaps for previous geoid models: ship data in the west-
ern part of Seto Inland Sea and land gravity data in
south and east Hokkaido, where the latest gravimet-
ric geoid model for Japan, JGEOID2000 shows rela-
tively large errors at short wavelengths. In addition,
medium wavelength signals of gravity from KMS02 are
retrieved and combined by filtering based on wavelets.
The combination significantly reduces systematic errors
of JGEOID2000 gravity/geoid models derived from ship
data, at medium wavelengths around Hokkaido Island.
Moreover, recently-released global geopotential models
from the GRACE mission, EIGEN-GRACE01S by GFZ
and GGM01 by CSR are used as a foundation for 1D-
FFT computation of Stokes integral in a remove-restore
manner. Those models themselves show improved
performance over the Japanese islands in terms of
geoid heights when compared with GPS/leveling geoid
heights throughout the islands. When we change the
maximum degree of the spherical harmonics used and
merge them with higher degree harmonics of EGM96
(up to degree and order 360), those geopotential mod-
els seem to work best at degree 90. Resulting geoid
models are compared and evaluated with GPS/leveling
geoid heights.
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Lithospheric-scale geoid anomalies with wavelength
of < 1000 km may provide independent geophysical evi-
dence of mantle thermal state. In order to estimate the
density distribution within the lithosphere from geoid
anomalies, a constrained linear inversion technique is
proposed for an arbitrarily shaped 3-D body by approx-
imating it by a set of right-rectangular prisms. The
forward problem is expressed by the gravitational po-
tential given by Nagy et al. (2000). The geoid anomaly
at each point on the surface of the Earth is the sum
of the gravitational potential of all prisms, divided by
the normal gravity. We take the first derivative of the
gravitational potential with respect to density in order
to compute the system sensitivity matrix (G), which
is used in the inversion procedure. Non-uniqueness and
instability problems are solved by minimizing two func-
tionals that represent absolute and relative constraints,
so that the absolute value of the difference between ob-
served and calculated geoid anomalies is minimum in
the least-squares sense. Inequality constraints are also
introduced to represent lower and upper bounds for the
densities. This method with the current computing ca-
pability allows us to invert large data sets with a siz-
able model space. Other advantages of this approach
include: 1) geological and geophysical information can
be incorporated to constrain the solution 2) it avoids
problems related to wavenumber domain transforms,
and 3) it is possible to analyse the solution in terms
of resolution and variance. The algorithm was tested
on synthetic models and a discussion of the potentiali-
ties of the method to solve real problems are also pre-
sented using as an example the case of a 8-meter ampli-
tude positive geoid anomaly observed along the Eastern
Brazilian continental margin.
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Taipei City is a metropolis in northern Taiwan,
which is located on a triangle-shaped alluvium basin.
Gravity measurement and analysis are particularly use-
ful as a reconnaissance tool for an urban region. A
higher resolution gravity map over the Taipei Basin
is required to help understand its tectonic signature.
There is, therefore, a need to compile a gravity map
that encompasses the entire basin region. In this study,
we have compiled the gravity data (roughly 36 km x 36
km) of the Taipei Basin and its surrounding area. Af-
ter gravity reductions, the Bouguer anomaly map was
constructed. The general trend of the Bouguer values
decreases from west to east, but does not reflection the
basement structure of the Taipei Basin. The residual
anomaly is obtained by using Griffin method to inves-
tigate the shallower structure. We also calculate the
derivative anomaly map to analyze some high frequency
signal of the Taipei Basin. The shallower sedimen-
tary layer is almost flat referred from above both maps.
To illustrate how the gravity data constrain subsurface
density structures, a two-dimensional gravity analysis
will be performed with the gravity profile across the
geological strike taken from the Bouguer anomaly map.
In the modeling, available seismic, drilling, and other
data are used wherever possible to constrain the ge-
ometries and/or densities. Preliminary results of the
modeling and their geological significance will be pre-
sented.
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A first-order leveling network of 4500-km leveling

lines, including 2065 benchmarks, with 2.5K1/2 mm
accuracy around Taiwan island has been established
by MOI(Ministry Of the Interior) in 1998-2003. GPS
measurement and gravity data were collected at each
benchmark. Existing local geoid model with accu-
racy of 10-20 cm was calculated with observations of
sea surface gradients derived from satellite altimetry,
land gravity anomalies, ship gravity anomalies and the
EGM96 model in Taiwan. In this paper, we combine
GPS and leveling measurements described above and
undulation data estimated using existing local geoid
model to improve the accuracy of local geoid model
of Taiwan with the least squares collocation technique.
A correction signal with variance-covariance matrix re-
lated to distance between benchmarks is added into the
observation equation. Correction signals of benchmarks
are separated into three part: GPS height, leveling
height and the undulation, by their variance-covariance
matrix. The result shows that the mean difference of
∆N(undulation difference) derived from our new local
geoid model and GPS/leveling is 4.1cm. Our new local
geoid model in the mountainous Taiwan area has an ac-
curacy of about ±3.3 cm, which is close to the accuracy
of GPS, while comparing with independent near-fault
GPS/leveling data.
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NOAA’s National Geophysical Data Center (NGDC)
is developing and using an integrated system of Web-
based tools for receipt, ingest, quality review, and dis-
semination of metadata and data. These tools are being
used to improve the quality and content of gravity data
as part of the North American Gravity Database. Us-
ing these tools, scientists will be able to submit data
and metadata information on-line. After verification
and ingest, these and other data can be compared and
viewed with other data This poster describes the meta-
data component of the integrated system and intro-
duces the Web-based tools for browse, subset, overlay,
and delivery of data on-line using Oracle spatially en-
abled database, ArcIMS, and Web browsers.

URL: http://www.ngdc.noaa.gov/seg/potfld/gravity/
welcome.shtml
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We devised a method for Earth-model discrimi-
nation, of potentially general interest to geophysics.
Based on Jeffreys’s rule of thumb, it is claimed that the
last decade’s mean-diurnal free oscillation magnitudes
(MDOM) of the Earth’s gravity field linearly correlate
with seismic energies and seismic magnitudes of 381
earthquakes larger than M = 6.3 found in the record.
Here the oscillation of the gravity field is caused by
the seismic waves generated by these medium-to-large
earthquakes. Oscillation magnitudes are taken at the
discrete values predicted by the individual model’s long
eigen-periods; we take all modes between 12 min - 2
hrs. Using the correlation coefficients computed from
variance-spectra between the MDOM and M > 6.3
global seismicity, which in some cases reach up to 0.97,
we subsequently propose a general method for Earth-
model discrimination: if a model yields high correla-
tions of the MDOM with Earth’s seismicity on the day
of the large earthquake, that model is to be consid-
ered successful. Various criteria for model discrimina-
tion could then be derived from this observation. Gaps
are normally present in the record of temporal gravity
variations obtained by a seismically excited gravimeter.
We thus start the data processing for our technique by
applying a non-equidistant Gaussian filter with 4sigma-
width, to the last decade’s one second step record
collected by the Canadian superconducting gravimeter
(SG) that operates at Cantley, Quebec. Thus the orig-
inal one-second data are transformed to records with
steps 8 and 32 sec. The non-equidistancy feature of
our filter means that one-second gaps in the record are
properly accounted for and gaps larger than the filter-
ing steps set at 8 and 32 sec remain in the series. We
then perform the least squares spectral analysis (LSSA)
of so filtered a record, without any further preprocess-
ing of the data so as to satisfy the rigour requirement.
The LSSA seems suitable for our purpose due to its
ability to handle gaps in data, unlike other spectral
analyses. We obtain power- and variance-spectra of
the record (including noise), and using three different
geophysical models we look into the free oscillation of
the Earth at the periods predicted by these models;
we compute respectively the mean-diurnal and mean-
weekly gravity oscillation magnitudes (MWOM). For
all three models the correlations are higher when seis-
mic energies are used rather than seismic magnitudes,
as well as when variance-spectra are used rather than
power-spectra. As deduced from the variance-spectra
(but not the power spectra) of gravity, the correla-
tion is maximum for eigen-periods of around 821 sec.
When a depth-of-earthquake separation is performed,
the best correlation between the MDOM series and the
deep (d > 400 km) earthquakes shows a curious delay
of three days, for all the models. For this we have no
physical explanation. Finally, the series of MDOM val-
ues of the Earth’s gravity field appears periodic over
the studied decade: a synodic semi-monthly and solar
semi-annual periods show up as the only two significant
periods from the one-day to ten-years period interval.
Various researchers in the area of earthquake prediction
and “tidal triggering” have in the past pointed their
finger at the same periods. We know where these pe-
riods come from but we have no physical explanation
as to why they should trigger the characteristic oscil-
lations.

URL: http://einstein.gge.unb.ca

G32B MCC: 2010 Wednesday
1340h

Before PBO: What Do We Know? II
(joint with S, T)

Presiding: R A Bennett,
Harvard-Smithsonian Center for
Astrophysics; K W Hudnut, U.S.
Geological Survey

G32B-01 1340h

The Plate Boundary Observatory
Component of the EarthScope Facility

Mike Jackson1 (303 497 8008;
mikej@unavco.ucar.edu)

Will Prescott2 (720 565 5973; prescott@unavco.org)

Paul Silver (202 478 8834; silver@dtm.ciw.edu)
1UNAVCO, Inc., 3360 Mitchell Lane Suite C, Boulder,

CO 80301
2Carnegie Institution of Washington, 5241 Broad

Branch Road, N.W., Washington, DC 20015

The Plate Boundary Observatory (PBO), one of the
core components of EarthScope, is a geodetic obser-
vatory designed to study the three-dimensional strain
field resulting from plate boundary deformation in the
western US including Alaska. The science goals of PBO
require that plate boundary deformation be adequately
characterized over the wide range of temporal and spa-
tial scales common to active continental tectonic pro-
cesses. To meet these goals, PBO will install a core of
geodetic instruments that possess excellent sensitivity
over this broad temporal spectrum, with a deployment
configuration that will dramatically increases the spa-
tial scale and density of stations. The PBO Facility
will consist of 891 permanently-installed GPS stations,
175 borehole strainmeters, five laser strainmeters, and
a pool of 100 portable GPS receivers for temporary de-
ployment and rapid response for volcanic and seismic
crises. PBO will provide a range of data and data prod-
ucts for scientific investigations and for education and
outreach activities. Congress has provided funding for
EarthScope to the National Science Foundation and a
proposal to construct EarthScope has received approval
from the National Science Board. Construction is ex-
pected to commence in September or October 2003.

URL: http://www.unavco.org/PBO/PBO.html
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By definition, the Plate Boundary Observatory
(PBO) will investigate the mechanics associated with
the boundary between the North America and Pacific
plates. A natural frame of reference to describe crustal
deformation between these two plates would be one
in which the far field appears to be stationary, which
leads to two possibilities: the “stable North America
frame” or the “stable Pacific frame.” The theory of
plate tectonics pre-supposes the existence of such enti-
ties. Within such a framework the sum of deformations
across contiguous regions of the plate boundary zone
are constrained by the known relative far-field plate
motion. However both theory and observation com-
plicate this simplified framework. Are “stable plate
interiors” a meaningful concept at the level of antic-
ipated geodetic accuracy? Observational evidence sug-
gests that most of the North America and Pacific Plates
appear to be horizontally stable at the level of 1–2
mm/yr over plate-wide distance scales, which is not a
very stringent constraint given current and anticipated
station velocity accuracies at <1 mm/yr. Where do
these stable plate interiors end, and the plate boundary
zones begin? The Pacific-North America plate bound-
ary zone is so broad that gravitational potential en-
ergy and mantle dynamics must play an important role
- how deep into the plates do these dynamics have a
measurable effect? How should we account for glacial
isostatic adjustment in the definition of a plate-fixed
frame? How should we define a “vertical datum” that
is theoretically useful and can be realized in practice?
In this presentation I review the current status of ref-
erence frame theory and actual practice, and I outline
current thinking on the reference frame needs for PBO
that derives from the working group on the “Stable
North America Reference Frame” (SNARF), recently
formed under the auspices of UNAVCO and the IAG
sub-commission on the North America Reference Frame
(NAREF).
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GPS Lessons Learned
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Global geodesy has improved dramatically over the
past decade starting with the GPS for IERS and Geo-
dynamics demonstration compaign in 1991 (GIG 91).
At that time it took over a week of CPU time to pro-
cess a network solution based on 21 global receivers
and orbit overlaps were in the 40 cm range. Today it
is possible to process a network solution based on 80
global receivers in less than one day of CPU time and
orbit overlaps are in the 4 cm range. Special meth-
ods are under development for efficient processing of
increasingly large regional networks which may contain
hundreds or thousands of GPS receivers. Along the way
there have been many lessons learned about GPS satel-
lites, receivers, monuments, antennas, radomes, anal-
ysis, reference frames, error sources, and interpreta-
tion. A wide range of scientific disciplines have been
impacted including studies of plate motion, post-glacial
rebound, seasonal loading, deformation in plate bound-
ary zones, coseismic displacements due to major earth-
quakes, postseismic relaxation, and interseismic strain
accumulation related to assessment of seismic hazards.
Lessons learned will be presented in the context of new
dense networks such as the Plate Boundary Observa-
tory (PBO).
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The Southern California Integrated GPS Network
(SCIGN) was established after the 1994 Northridge
Earthquake near Los Angeles, California. The SCIGN
array is the largest integrated array in North America
and was largely completed in July 2001. Currently
the array has about 250 continuously operating GPS
receivers. The current operation of SCIGN shares
many of the characteristics sought for the operation of
the plate boundary observatory. All of the data from
SCIGN are freely available. SCIGN operates three
analysis centers, one for near-real time processing and
two for final post processing. There is also an analysis
committee that compares and combines the results
from the two post processing centers. This analysis
committee makes available results in the form of time
series, 3-dimensional velocity vectors, and postseis-
mic deformation parameters from a uniform analysis of
loosely constrained solution vectors with full covariance
matrix information and from analyses preformed at the
two post processing centers at Jet Propulsion Labo-
ratory (JPL) and the Scripps Institution of Oceanog-
raphy (SIO). (http://chandler.mit.edu/ tah/SCIGN).
We present here comparisons of uniform process-
ing of the solutions from JPL and SIO with the
processing results presented by the two centers
(http://sideshow.jpl.nasa.gov/mbh/series.html and
http://sopac.ucsd.edu/cgi-bin/dbShowArraySitesMap
.cgi?array=SCIGN). From these comparisons, the ro-
bustness of signals seen in strain field in the region
and non-linear temporal variations in the time series
can be assessed. The RMS difference of the 3-D veloc-
ities from the uniform analysis is 0.6 mm/yr, and for
horizontal 2-D velocities 0.5 mm/yr. We will examine
those sites where the two analysis centers do not agree
well. In these cases, the differences arise from site
characteristics such as the effects of snow, multipath,
subtle instrument failures, and loading processes when
different lengths of data are used. We will also examine
results from other networks around the world where
some of the effects discussed above are even more
pronounced.

URL: http://chandler.mit.edu/˜tah/SCIGN
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