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The least squares method for fitting the Doppler resid-
uals does not fix this ratio, but allows Jg and Caa to
vary independently and determines the correlation be-
tween them. The a priori assumption is consistent with
the hydrostatic equilibrium of a satellite, but it does
not require hydrostaticity. Values of pu show that Jo
and Cog are independently determined only for Io; the
ratio of Jp and Cag is consistent with a hydrostatic
Io. Jp and Capg are not independently determined
for Ganymede even though there are both equatorial
and polar flybys of the satellite. A quadrupole field
is insufficient to fit the Ganymede data to the noise
level. The additional signal is interpreted in terms of
mascon anomalies at the surface of Ganymede. The
gravitational coefficients, together with the assump-
tion that the degree 2 gravitational fields of the satel-
lites derive from their hydrostatic distortions to rota-
tion and the Jovian tidal force, are used to infer the
moments of inertia of the satellites and their internal
structures. The mass and closest approach distance for
Amalthea can be determined from Doppler data from
the Galileo encounter of 5 November 2002. The final
results indicate a density that is significantly smaller
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than the approximate 1000 kg m™ 3 density of water
ice. The quadrupole components of Amalthea’s gravi-
tational field are undetectable in the encounter Doppler
data.
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Lunar Rotation, Orientation and Tides

James G. Williams! (818 354-6466;
James.G.Williams@jpl.nasa.gov)

J. Todd Ratcliff! (818 354-0204;
J.Todd.Ratcliff@jpl.nasa.gov)

Dale H. Boggs! (818 354-1630;
Dale.H.Boggs@jpl.nasa.gov)

Jean O. Dickey! (818 354-3235;
Jean.O.Dickey@jpl.nasa.gov)

1jet Propulsion Laboratory, California Institute of
Technology, MS 238-332, 4800 Oak Grove Drive,
Pasadena, CA 91109, United States

Many satellites exhibit synchronous rotation. The
Moon is the most familiar example. For the Moon there
is a) Lunar Laser Ranging measurements of tides and
three-dimensional rotation variations and b) support-
ing theoretical understanding of both effects. The lu-
nar rotational variations are up to 1 km while tidal vari-
ations are about 0.1 m, so the former effect has been
more useful. Analysis of the lunar variations in pole
direction and rotation about the pole gives moments of
inertia, gravity harmonics, tidal Love number ko, tidal
dissipation (Q), and evidence for a liquid core. The
experience with the Moon is a starting point for ex-
ploring the tides, rotation and orientation of the other
synchronous bodies of the solar system.

G42C-03 1630h INVITED

Mercury’s Interior From Geodesy of
Librations

Stanton J. Peale (805 893 2977;
peale@io.physics.ucsb.edu)

UCSB, Dept. of Physics, Santa Barbara, CA 93106,
United States

Mercury offers a unique opportunity to use the equi-
librium rotation state and librations about this state
to investigate properties of its interior. In equilibrium,
Mercury rotates at a uniform rate ¢» = 3n/2 (n = or-
bital mean motion) in a Cassini state with the spin axis
displaced slightly from the orbit normal (obliquity near
1.6 arcmin), which displacement is induced by the pre-
cession of the orbit on the Laplacian plane. The spin
axis, orbit normal, and normal to the Laplacian plane
remain coplanar while the former two precess about the
latter with the period of the orbital precession. If dis-
placed slightly from this state, Mercury’s spin will ex-
hibit a free precession about the state with period near
1300 years and a free libration in longitude with pe-
riod near 12 years. Tidal dissipation will damp both
free precession and libration on time scales << the so-
lar system age, so we expect to find Mercury very close
to its equilibrium Cassini state where it remains during
slow orbital variations because of an adiabatic invari-
ant. The gravitational torque on the axial asymmetry
is the restoring torque for the free librations when av-
eraged over the orbit. This same torque causes a small
forced libration in longitude (amplitude 20 to 40 arc-
sec) with an 88 day period due to the torque’s periodic
reversal around the orbit . It is desirable to determine
Mercury’s obliquity 6 and the amplitude of its forced
libration in longitude ¢ to very high accuracy, because
their determination along with accurate values of the
gravitational harmonic coefficients Cgg and Cagg can
reveal whether or not Mercury’s core is molten by de-
termining the ratio Cp,/C. Cp and C are the maxi-
mum principal moments of inertia for the mantle and
entire planet respectively, where both moments of in-
ertia are determined independently. This assertion re-
lies on the axial asymmetry being due to the mantle
alone, where the 88 day forced libration in longitude

will have twice the amplitude if the mantle is decoupled
from the interior by a molten layer than it would have
if the planet is a rigid body. The precise measurements
necessitated by the small values of both the obliquity
and the forced libration amplitude as well as similarly
precise determination of Cpg and Cagg will be possible
from either of two spacecraft, MESSENGER from the
U.S. and BepiColombo from Europe, which will orbit
Mercury during the next decade. More astounding, a
radar technique called Radar Speckle Differential Inter-
ferometry (RSDI) (Holin, 1992) is capable of arcsec ac-
curacy in determining both the obliquity and the forced
libration amplitude from the ground, where feasibility
has been demonstrated (Margot et al. 2002). The RSDI
and spacecraft techniques will be described. Assump-
tions necessary for success of the experiment will be de-
tailed, and recent numerical calculations of Mercury’s
spin evolution will be discussed. Some caveats will be
pointed out, but as the assumptions are likely to be sat-
isfied, there is a high probability that precise geodesy
will yield the desired information about Mercury’s in-
terior.
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Constraints on Mars Interior from k2
Love number, Moment of Inertia and
Crustal Thickness
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lJet Propulsion Lab, CalTech, 4800 Oak Grove Drive,
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The solar tide of Mars, measured by its poten-
tial Love number k2 (=0.153+-0.015 ) has been ob-
tained from analysis of MGS radio tracking through
June 2003. Atmospheric tides and inelasticity con-
tribute to the observed signal, and we estimate that
the elastic’ component is k2=0.145+4-0.0015. This pa-
rameter is sensitive to core size and mantle rigidity pro-
file and indirectly on mantle composition and thermal
profile. Similarly, the moment of inertia C (=0.36504-
0.0012) has been deduced from the secular precession
of Mars pole of rotation, where Pathfinder and Viking
tracking data are the primary data constraints. Mo-
ment of inertia is sensitive to thickness and density
of the primary units: crust, mantle and core. Cor-
relation of Mars nonspherical gravity field (primarily
contrained by MGS tracking) and surface topography
(fixed by MOLA data) promises to limit the thickness
and density of the crustal unit overlying the mantle,
with theoretical thickness estimates ranging from 50 to
100km , although any given model estimate typically
limits thickness to +-10km. We shall discuss the relia-
bility of the estimated parameters. The details related
to constructing interior models (composition, density,
thickness of units), from which theoretical estimates of
moment and Love number are derived, also shall be dis-
cussed.

G42C-05 1700h INVITED

Estimation of Seasonally-varying CO»
Ice Mass and Mean Atmospheric
Pressure on Mars from Temporal
Changes in the Gravitational Field

Maria T Zuber (617-253-6397; zuber@mit.edu)

Department of Earth, Atmospheric and Planetary Sci-
ences, 54-518 Massachusetts Institute of Technol-
ogy, Cambridge, MA 02139-4307, United States

The seasonal exchange of COg between the atmo-
sphere and cryosphere of Mars modifies the planetary
mass distribution and results in small changes in the
long-wavelength gravitational field. Owver the course
of the Martian year ~18% of the total volatile mass
will be exchanged between the atmosphere and the sur-
face, resulting in a re-distribution of ~ 1 X 1()78 of
the total mass of Mars. Changes in the Martian long-
wavelength gravity field have been detected from or-
biting spacecraft and the challenge is to relate these
variations to the COg cycle. In the current study we
develop an analytical approach to relate gravity field
changes to seasonal variations in COg ice mass and to
the global mean atmospheric surface pressure. We have
also performed a direct recovery of temporally-varying
cryospheric mass and demonstrate an equivalence to
the recovery using low-degree gravity coefficients. In
addition, we have estimated gravity anomalies over the
poles, as yet another representation of the same phe-
nomenon. We compare our estimates with Viking lan-
der pressure measurements and with predictions from
a General Circulation Model (GCM) simulation for a
typical Mars year. This combined theoretical and ob-
servational approach provides a means of estimating
the global-scale volatile mass exchange and global mean
pressure on Mars on a routine basis from precise track-
ing of orbital spacecraft.
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Simulation Of The Effect Of Higher
Order Zonal Gravity Field Coefficients
Of Mars On Jointly-Estimated
Time-Varying J2, J3 And Rotation.
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lin, Toulouse 31400, France

Largest seasonal variations in the gravity field of
Mars occur for the J2 and J3 coefficients. These co-
efficients were estimated recently from MGS data. It
is believed that these estimates contain also additional
information from the higher order coefficients. In the
present study, we investigate the effect of higher or-
der zonal gravity field coefficients on the estimation
of the time-varying J2 and J3. Numerical simulations
with an orbit determination computer program (GINS,
provided by GRGS/CNES) are performed. Seasonal
variations in the gravity field coefficients are given as
input with the help of the Global Circulation Model
of LMD. We study the ability to recover these values
from simulated tracking data between an orbiter and
the Earth. Additional radio links between the orbiter
and lander(s) on the surface are also used in order to
accurately constrain rotation variations.
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The planet Mars is ellipsoidal and has most proba-
bly a liquid outer core. The existence of a solid inner
part in the core is questionable. We compute the at-
mospheric excitation of the Chandler Wobble and of
the possible Inner Core Wobble. The atmosphere and
ice caps of Mars excite these free modes. We examine
whether they are excited to an observable level in fu-
ture geodetic measurements of polar motion. We have
developed a theoretical approach to compute polar mo-
tion in response to the excitation of atmosphere and
polar caps calculated from the output of a global cir-
culation model.

G51A MCC: 2010 Friday 0800h

Advancing the Cutting Edge of
Geodesy I: Positioning

Prestding: Y Bock, Scripps Institution
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University of Colorado at Boulder
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High-Rate GPS Applications for
Seismology: What Next?

Kristine M. Larson (303 492-6583;
kristine.larson@colorado.edu)

Department of Aerospace Engineering Sciences, UCB
429 University of Colorado, Boulder, CO 80309,
United States

It has been demonstrated that high-rate GPS pro-
vides useful measurements of seismic waves in cases
where seismic instrumentation clips. But many im-
portant questions remain to be answered. In the ab-
sense of clipping, are there any specific scientific ques-
tions that can be answered with high-rate GPS data but
not with seismometers or strainmeters? At what rate
should we operate GPS receivers ? What are the cost-
benefit trade-offs 7 Should we concentrate on real-time
or post-processed high-rate GPS solutions? Examples
from analysis of high-rate GPS data will be shown and
discussed.
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Measuring Seismic Surface Waves with
1-Hz GPS
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versity of Colorado at Boulder, UCB 429, Boulder,
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Large earthquakes can cause seismological instru-
mentation to saturate or ‘clip’, even hundreds to thou-
sands of kilometers away from the epicenter. In cases
where seismological instruments fail to record ground
motion, high-rate GPS data can serve as a replacement
for these missing seismic data. We present an analysis
of 1-Hz GPS data collected after the 2002 November 3
M7.9 Denali Fault earthquake. A significant number of
seismic instruments clipped during this earthquake. An
initial analysis demonstrated that surface waves could
be observed on 1-Hz GPS instruments as far away as
Colorado Springs, CO. In this study we add data from
over 20 GPS receivers recording at 1-Hz in Canada and
the western United States. Horizontal displacements
exceeded 30 cm at some of these sites. We also inves-
tigate techniques for reducing GPS-specific errors. If
available, 1-Hz GPS data collected in days before and
after the earthquake are used to estimate and remove
GPS errors, significantly improving 1-Hz GPS preci-
sion. Also, the impact of receiver mixing and ambiguity
resolution performance is assessed.
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Gps Real Time Monitoring of Active
Volcanoes: Experience During the
2002-2003 Eruption of Stromboli
(Aeolian Islands, Italy) and Data
From Etna Network.
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lIstituto Nazionale di Geofisica e Vulcanologia, Pi-
azza Roma 2, catania 95123, Italy

In this work we present the data from the real time
GPS network “SciaraDat”, installed after a tsunami
wave-creating flank collapse on the western slope of
Stromboli volcano. The utility of this monitoring tool
is demonstrated with emphasis on the clear relation-
ship between GPS data and volcanological phenomena.
Moreover, data from the 2001 Etna eruption, post-
processed with the epoch-by-epoch algorithm, demon-
strate the importance of the instantaneous positioning
approach for both scientific and civil defence communi-
ties related to the potential danger of a volcanic erup-
tions.

G51A-04 0855h

Real-Time High-Rate Upgrades of
SCIGN Sites

Yehuda Bock (8585345292; ybock@ucsd.edu)
Scripps Institution of Oceanography, IGPP 0225 9500
Gilman Drive, La Jolla, CA 92093-0225, United
States
We are in the process of upgrading sites of the
Southern California Integrated GPS Network (SCIGN)
to real-time (1 sec latency), high-rate (1 Hz) opera-
tions, and have completed the upgrades for more than
25 sites. The normal operation for most of the network
includes 30-second sampling with data downloads ev-
ery 24 hours. The purpose of the upgrades is twofold:
(1) to provide data rates useful for measuring strong
ground motions to complement traditional seismic in-
struments in the event of a medium to large earth-
quake and data latencies useful for seismic response,
risk mitigation, and rapid earthquake model determi-
nations based on coseismic displacements; (2) to pro-
vide real-time access to high-rate data to surveyors,
GIS professionals, structural engineers, transportation
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engineers and others requiring access to precise posi-
tioning and navigation information, under the umbrella
of the California Spatial Reference Center (CSRC). We
report on the status of upgrades in three sub-networks,
each with a distinct focus: (1) the Orange County Real
Time Network in collaboration with the County of Or-
ange Public Facilities and Resources Division, (2) the
Parkfield region in collaboration with the USGS and
UC Berkeley’s NCEDC and (3) the Riverside County
Real Time Network in collaboration with the River-
side County’s Department of Transportation and Flood
Control and Water Conservation District. In the latter
sub-network, we are developing a real-time displace-
ment meter that will integrate broadband seismic and
GPS measurements. We highlight achievements and
lessons learned from these upgrades and assess whether
it is feasible and desirable for the Earthscope project
to pursue a similar approach.
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Streaming GNSS Data over the Internet:
The EUREF-IP Ntrip Broadcaster
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The global Internet can be used for the real-time
collection and exchange of GNSS data, as well as for
broadcasting derived differential products. The EU-
REF community decided in June 2002 to set up and
maintain a real-time GNSS infrastructure on the In-
ternet using stations of its European GPS/GLONASS
Permanent Network EPN. A pilot project was estab-
lished called EUREF-IP (IP for Internet Protocol).
This real-time GNSS data service uses a new dissemina-
tion technique called “Networked Transport of RTCM
via Internet Protocol” (Ntrip). Ntrip stands for an
HTTP application-level protocol streaming GNSS data.
over the Internet. Currently about 110 data streams
are available through EUREF-IP Ntrip Internet Broad-
caster. This paper introduces the EUREF-IP Ntrip
Broadcaster with its available real-time data streams
from different networks. It focuses on positioning ac-
curacy as well as on data latency, monitoring aspects
and standardization.
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networks and their use
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berg A17, Potsdam 14473, Germany
The contribution presents GFZ’s global and local
High-Rate and Low-Latency GPS networks. The global
HR/LL network was established, in collaboration with
JPL, to support the CHAMP and GRACE POD ac-
tivities and the radio occultation experiment on both
missions. The GFZ sub-network is composed of 13
continuously tracking stations, generating 15-min 1 Hz
GPS data files and transmitting them to GFZ every 15
minutes. Eight stations contribute to the Galileo mis-
sion preparations. Since early 2003 eight HR sites are
streaming GPS data in real time. Three of them take
part in the IGS Real-Time Prototype Network. GPS
HR/LL network for deformation monitoring is an exam-
ple of local HR/LL GPS array. This 1 Hz network was
installed on Popocapetel volcano end of 1999. For the
calibration of satellite altimetry, an autonomous 10 Hz
GPS-Buoy was developed by GFZ and is operating in
the North Sea. The presentation describes shortly the
three systems and discusses issues such as: data perfor-
mance, real-time data aspects and quality monitoring.
Application results from ultra-rapid CHAMP/GRACE
orbit processing, radio-occultation routine processing,
buoy monitoring and volcano monitoring in geodesy,
geophysics and meteorology will be presented.
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Utilizing Site-Specific Antenna Phase
Center Calibration Maps for Reducing
the Noise in the GPS Vertical
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Pasadena, CA 91109, United States

The Global Positioning System has emerged as a
leading tool in the field of geodesy. GPS observa-
tions have been shown to be a useful geodetic tool for
such applications as monitoring post-glacial rebound
and calibrating satellite altimeters to study sea level
change. We have been analyzing data from 40 GPS
sites near tide gauges for the purpose of developing ver-
tical crustal motion estimates, which are subsequently
used in the calibration of satellite altimeter measure-
ments. However, site-specific errors such as multipath
have limited the positioning accuracy, especially in the
vertical. To combat these site-specific errors, antenna
phase center calibration maps were developed by aver-
aging the residuals over the time series of each point-
positioned GPS site into bins 2 x 5 degrees in eleva-
tion and azimuth. No elevation cut-off was used for
the purpose of exploring the effects of the maps on ob-
servations made at very low elevation angles. This was
done separately for pseudorange and carrier phase. In
addition, each antenna used at a given site had a unique
map. This technique was iterated upon several times,
using every day in the time series, until the variations
were sufficiently captured. It will be shown that the
antenna phase center calibration maps dramatically re-
duced the elevation dependence of the point-positioned
solutions, especially between 0 degree and 10 degree
elevation cut-offs. For example, at MacQuarie Island
(MACT1), the difference in estimated trends over the 0
- 10 degree elevation cut-offs varied by as much as 3.5
mm /yr without using the calibration maps, whereas the
maximum difference with the maps was 0.5 mm /yr over
the same range. Also, there was a significant reduction
in the vertical repeatibility of 1 - 2 mm in most cases. A
list of new estimated trends at approximately 40 sites,
as well as a thorough analysis of the associated errors
will be shown.
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International GPS Service
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The International GPS Service (IGS) produces sev-
eral tropospheric products that are based on combined
contributions from several IGS Analysis Centers. These
products contain time series of total zenith delay from
a large subset of the IGS network of ground-based GPS
receivers. The IGS has recently adapted a new method
for the derivation of the combined tropospheric prod-
ucts. In this paper we describe this method and assess
its benefits. Each product consists of time series of to-
tal zenith troposphere delay at 5 minute intervals from
a set of IGS ground sites. Total zenith delay values are
estimated with the precise point positioning approach,
using the IGS combined GPS orbit and clock solutions,
and Rinex files generated by each site. Presently there
are two types of IGS tropospheric products: “Final”,
and “near real time (nrt)”. The Final product is based
on the IGS “Final”, and most precise combined GPS
orbit and clock products, and on daily Rinex files, and
has a latency of approximately 10 days after the data is
collected. The NRT product is based on the IGS ultra-
rapid GPS orbit and clock products, and on hourly
Rinex files. The latency is up to three hours after
data has been collected. We compare this new approach
for generating the IGS combined tropospheric products
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