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Compensating atmospheric distortions
in SAR interferograms using
continuous GPS time series of Zenith
Wet Delay estimates

Fayaz Onn1 ((650) 723 3669; phae@stanford.edu)

Howard A Zebker1 ((650) 723 8067;
zebker@stanford.edu)

1Stanford University, 350 Serra Mall, Packard EE
Building, Stanford, CA 94305-9515, United States

Spatial heterogeneity of the wet component of atmo-
spheric refractivity causes distortions in radar interfer-
ograms. Integrated refractivity along the radar line-of-
sight is proportional to total excess path length of of
the radar signal propagating through the random 3D
refractivity field, and this extra delay can contribute
significantly towards the observed phase in radar inter-
ferograms. This additional component of interferomet-
ric phase can cause erroneous interpretation of useful
signal information in interferograms, particularly with
respect to crustal deformation studies where the ground
displacement signal is on the order of the noise com-
ponent. In this report, we analyze the residuals of
a topography-corrected, deformation-free radar inter-
ferogram in terms of atmosphere-induced excess path
delays. Furthermore, we leverage Zenith Wet Delay
(ZWD) estimates from continuous Global Position Sys-
tem (GPS) stations operating in the same area to model
the atmosphere phase screen in the radar interferogram.
This modeling is performed via ordinary kriging, which
takes advantage of the spatial covariance characteris-
tics of the ZWD field known from Kolmogorov turbu-
lence theory. The theory predicts the spatial covariance
of the isotropic three-dimensional refractivity random
field. For our modeling purposes, we derive the cor-
responding form of spatial covariance for the projec-
tion of this field onto the two-dimensional plane of the
radar interferogram. The performance of our model-
ing efforts is gauged by computing the Power Spectral
Densities (PSD) before and after subtraction of the ob-
served phase screen with our model. Our results in-
dicate that such minimum estimation variance model-
ing produces smooth estimators that track well large
spatial wavelength trends. Thus, these models reduce
power in only low-frequency bands, from 0.1 cycles/km
to 1 cycle/km, of the PSD by almost one order of mag-
nitude. The resulting model, however, reduces overall
rms of atmosphere phase noise by about 50%. To im-
prove the performance of the atmosphere phase screen
modeling, we consider incorporating more data from
each continuous GPS station in the form of time se-
ries of ZWD estimates centered around the interfero-
gram observation times. Furthermore, we appeal to the
Kolmogorov-Taylor model of a “frozen-in” atmosphere
which provides a relationship between theoretical tem-
poral covariance to correlations in the spatial domain,
due to movement of the atmosphere column by wind
with an average velocity, to relate temporal wet delay
observations to predictions of atmosphere phase delay
at unsampled spatial locations.
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Simulations of Troposphere Scintillation
Impacts on Water Vapour Retrieval
Using the Satellite-to-Satellite
Measurements

Per Hoeg1 (+45 39 157 486; hoeg@dmi.dk)

Martin Schwalbe Lohmann1

Laust Olsen1

Hans-Henrik Benzon1

Alan Steen Nielsen1

1Per Hoeg, Danish Meteorological Institute AIR Divi-
sion Lyngbyvej 100, Copenhagen 2100, Denmark

The radio occultation technique is using signals
from the Global Positioning System (GPS) to mea-
sure phase and amplitude changes caused by the at-
mosphere. The observations are done from low Earth
orbiting (LEO) satellites. The retrieved vertical pro-
files of the refractive index are used to extract the in-
formation of temperature, pressure, and humidity as a
function of height in the troposphere and stratosphere.
In order to improve the separation of the contributions
of water vapour and temperature in the lower tropo-
sphere, without using external data, the ESA Earth Ex-
plorer satellite mission ACE+ will actively sound the
atmosphere using LEO-to-LEO signal transmission at
three frequencies around the 22 GHz water vapour ab-
sorption line (10, 17, and 23 GHz). The new and novel
observations will focus on measuring amplitude and
phase at the different frequencies in order to resolve the
main terms for intensity changes in the received signals.
The combination of the three frequencies removes the
effect of liquid water droplets in clouds from the process
of estimating the profile of tropospheric water vapour.
The transmission of coded signals between LEOs (with

similar signal structure as GPS) is the key observable
for monitoring the global distribution of atmospheric
water vapour. In the lower troposphere, where water
vapour is abundant, the less strongly absorbed 10 and
17 GHz signals are employed. Transmitted power and
receiver antennae gains are sized to achieve a worst-
case moisture concentration of 20 g/kg at the bottom
of the troposphere in the tropics. In the upper tropo-
sphere, where the moisture concentration can be lower
by 4 orders of magnitude, the overriding consideration
is detecting the relatively weak effect with sufficient
precision in order to achieve accurate moisture mea-
surements. We will present end-to-end simulations of
the measurements, consisting of a forward propagation
of the signals and a retrieval theory for the estimated
complex refractivity profiles, to assess the importance
of phase and amplitude fluctuations in relation to tro-
posphere scintillations for the accuracy of the method.
The new simulation tool consists of forward full wave
signal propagation in two dimensions through a large
set of phase screens placed in the fluctuating medium
between the transmitter and the receiver. The received
LEO-LEO phases and amplitudes are used to estimate
the complex refractivity profile by applying the Full
Spectrum Inversion theory and a fitting transform so-
lution based on the complex fields of all three probing
frequencies.
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Observation of the Antarctic Sudden
Stratospheric Warming of September
2002 using GPS Radio Occultation
Technique

Grace S Peng1 (310 336 5699; grace.s.peng@aero.org)

James H Hecht1 (310 336 7017;
james.h.hecht@aero.org)

Richard L Walterscheid2 (walterscheid@eumetsat.de)
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1The Aerospace Corporation, P.O. BOX 92957 -
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2NOAA/NESDIS, EUMETSAT, Darmstadt, Darm-
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The vertical resolution and global coverage of GPS
radio occultation (GPSRO) measurements of tempera-
tures in the stratosphere makes it an ideal tool to study
the appearance and evolution of sudden stratospheric
warmings (stratwarms). Additionally, the nearly polar
orbits of the CHAMP and SAC-C satellites that carry
GPSRO sensors give excellent coverage in the polar re-
gions where sudden stratwarms occur. In this poster,
we analyze the Antarctic sudden stratwarm event of
September 2002 using the combined data from both
satellites.

G51B-0035 0830h POSTER

Diurnal signatures of atmospheric water
vapor observed by GPS receivers on
Taiwan

Yuei-An Liou (yueian@csrsr.ncu.edu.tw)

Chuan-Shen Wang (carlwang.cv87g@nctu.edu.tw)

Chi-Han Cheng (carlwang.cv87g@nctu.edu.tw)
In light of the tremendous potential of GPS in atmo-
spheric and geodetic research and education, National
Science Council (NSC) of Taiwan initiated a project to
set up a 200 GPS sites network in year 2000. Major
funding to support the network comes from Central
Weather Bureau (CWB), Department of Interior, Aca-
demic Sinica, and NSC. Up to date, there are in total
more than 100 GPS sites are completed. In this paper,
we present the diurnal signatures of atmospheric water
vapor observed by the GPS receivers. Atmospheric wa-
ter vapor is a key variable in the atmospheric radiation
budget and global hydrological cycles. Traditionally,
its diurnal variation is primarily examined using the
observations from radiosonde soundings, which are typ-
ically launched twice daily and, hence, insufficient to
capture the representative characteristics of the diurnal
water vapor variation. Recently, the GPS observations
that provide continuous measurements of atmospheric
water vapor were used to study its diurnal variations
in USA. In this contribution, we investigate the diurnal
variation of water vapor based on GPS observations
in Taiwan whose climatology dramatically differs from
that in the Northern America. The differences are
primarily due to the fact that Taiwan is located in
the boundary of the sub-tropical and tropical regions
with much more abundant of water vapor in the at-
mosphere in addition to its fast changing topography
surrounding by the oceans. The GPS data that are
used for the current study are mainly obtained from

the dense network supported by the Central Weather
Bureau. The diurnal variations of the water vapor are
described and quantified by sinusoidal functions. The
characteristics of diurnal water vapor variation and
semi-diurnal variations are then discussed.

G51B-0036 0830h POSTER

Monitoring the Water Vapour Content
of the Atomsphere using the Austrian
GNSS Reference Station Network

Elisabeth Fragner1 (+43 1 58801 12846;
efragner@luna.tuwien.ac.at)

Robert Weber1 (+43 1 58801 12865;
rweber@luna.tuwien.ac.at)

1Institute of Geodesy and Geophysics, Tu-Vienna,
Gusshausstrasse 27-29, Vienna A-1040, Austria

GPS has become an important tool both in navi-
gation and in precise point positioning. One of the
nuicance parameters limiting the accuracy of point de-
termination is the water vapor content of the tropo-
sphere. On the other hand meteorologists are interested
in the wet component of the troposphere as a valuable
tool for Numerical Weather Prediction and Climate
Studies. Therefore GPS offers a low cost monitoring of
water vapor with high temporal resolution. We make
use of continuous measurements of the GPS/GLONASS
reference station network in Austria, which currently
consists of about 27 sites with a mean distance of 50
km. The total zenith path (TZPD) delays for 2 weeks in
2002 (May and August 2002) with an anticipated huge
difference in the water vapour content were calculated.
Subsequently the results are compared to contributions
of different processing centers of the COST-716 project
(Exploitation of Ground Based GPS for Climate and
NWP) and with zenith path delay estimates provided
by the IGS. Based on the observed atmospheric pres-
sure field the Zenit Wet Delay has been separated from
the TZPD estimates. As meteorologists need the water
vapor within less than two hours, special attention is
paid to the availability, reliability and especially on the
quality of the satellite orbits used for the network cal-
culations. For this reason we try to use rapid ephemeris
instead of the IGS final orbits, whereby we make a qual-
ity control of the rapid orbits. If one or more satellites
show poor quality or if one satellite is missing at all we
include the broadcast ephemeris information instead.

G51C MCC: 2010 Friday 1020h

Advancing the Cutting Edge of
Geodesy II: Dynamics of the Earth

Presiding: O de Viron, Royal
Observatory of Belgium; G Blewitt,
Nevada Bureau of Mines and Geology
and Seismological Laboratory

G51C-01 1020h INVITED

Seasonal Crustal Deformation in Japan
and its Interannual Variation

Kosuke Heki (+81-197-22-7139; heki@miz.nao.ac.jp)

Div. Earth Rotation, National Astron. Obs., 2-12
Hoshigaoka, Mizusawa-city, Iwate 023-0861, Japan

A dense array of GPS is useful to study seasonally
changing load through periodic components in crustal
movements. In this paper I review observed and pre-
dicted seasonal crustal movements in the Japanese Is-
lands, where both nationwide dense GPS array and me-
teorological sensor network are available. From com-
prehensive evaluation of various sources contributing
to seasonal signals, the largest factor in Japan is found
to be snow, weighing over 1000 kg per square meter in
some regions. This is followed by various kinds of loads
on the land area, such as atmosphere, soil moisture and
dam, and non-tidal ocean loads also cause certain sea-
sonal signatures. Seasonal crustal deformations are cal-
culated by synthesizing all these seasonal load changes,
some of which are directly measured meteorologically
and others are inferred through models. They are com-
pared with real data observed by the dense GPS array
in Japan, and they agreed fairly well. The seasonal
signals observed by GPS also include artifacts, such as
scale changes due possibly to atmospheric refraction,
and atmospheric delay gradients. We often discuss sub-
tle crustal deformation signals, e.g. those associated
with silent earthquakes, isolating them by removing
secular and periodic components. Understanding sea-
sonal signals and their interannual variability is crucial
in removing these unwanted signals. Amplitudes of sea-
sonal signals in Japan were suggested to have increased
in 2000, and I discuss its causal relationship with the
increase in snow depths in the 1999/2000 winter.
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Seasonal Variation in the Spatial
Distribution of Surface mass
Estimated Using GPS.
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sity of Newcastle, Newcastle upon Tyne NE17RU,
United Kingdom

3European Center for Geodynamics and Seismology,
19 Rue Josy Welter, Walferdange L-7256, Luxem-
bourg

Spatial variation in the distribution of the Earth’s
surface mass causes significant seasonal deformation
of the solid Earth. Such deformation is not only
detectable with modern geodetic techniques but is a
strong component of many GPS coordinate time series.
Utilizing a global GPS tracking network it is possible to
invert for a truncated spherical harmonic expansion of
the Earth’s geometric shape and hence with an elastic
earth model estimate spherical harmonic coefficients of
the surface mass load. Such an estimation using 4 years
of IGS data from 122 sites is presented. The degree of
truncation plays a strong role in the reliability of the
estimated coefficients, whilst it must be low enough to
provide a stable and reliable interpolation of the sur-
face deformation field, a greater truncation degree de-
creases the effects of aliasing from neglected higher de-
grees. Stability and aliasing of the coefficients is inves-
tigated with respect to truncation degree and model
design, both empirically and using models of continen-
tal and atmospheric water. The seasonal component
of the surface load is analyzed by fitting annual and
semi-annual periodic signals to the harmonic coefficient
time series. The reduction in variance by fitting sea-
sonal signals varies with truncation degree and associ-
ated aliasing between spectral coefficient series but is
largest for the degree-1 zonal harmonic (40 to 60 %)
and the degree 2 sine tesseral harmonic (30 to 50 %)
series, these harmonics are closely related to geocen-
ter and polar motion respectively. A better estimate
of the spatial variation in surface mass at seasonal fre-
quencies is given by partitioning the total load into in-
dividual spherical harmonic representations over both
land and sea respectively. This is achieved by enforcing
conservation of total mass and under the assumption of
static equilbrium, constraining the sea surface to be an
equipotential.

G51C-03 1050h INVITED

Seasonal Geodetic Signatures and
Global Surface Mass Variations

Xiaoping Wu1 (818-354-9366;
Xiaoping.Wu@jpl.nasa.gov)

Michael B. Heflin1 (818 354-2823;
mbh@mailhost4.jpl.nasa.gov)

Erik R. Ivins1 (818 354-4785;
eri@fryxell.jpl.nasa.gov)

1Jet Propulsion Laboratory, California Institute of
Technology, 4800 Oak Grove Drive, MS 238-600,
Pasadena, CA 91109, United States

The hydrosphere, cryosphere and atmosphere are
volatile layers of the Earth. Their dynamic motions
involve significant horizontal surface mass transport at
the seasonal time scale. The changing mass loads and
deforms the solid Earth surface, perturbs the external
gravity field, and excites Earth orientation variations.
Recent advancement and proliferation of space geodetic
techniques allow all these different signatures to be ac-
curately measured. More importantly, we can use the
geodetic information to infer the mass variations and
learn about the associated global change processes. Us-
ing continuous GPS data from a globally distributed
tracking network, we have conducted monthly inver-
sions for global surface mass variations in terms of trun-
cated spherical harmonic series. A combined hydrologi-
cal, atmospheric and oceanic mass distribution model is
also used to assist the truncations and error evaluation.
The seasonal amplitudes and phases of the mass coef-
ficients are converted to those of geocenter and zonal
gravity coefficients, and compared with corresponding
SLR results from previous authors. Good agreements
are found at the lowest degrees where results appear to
be reliable for both techniques. Satisfactory compar-
ison not only validates both measurement techniques
but also reinforces the overarching theory of surface
mass variations. New inversion results using more data
and a combination of least squares and best linear esti-
mator techniques under the platform of singular value
decomposition will also be reported.

G51C-04 1105h

Effect of Mapping Function Errors on
Estimates of Surface Mass Changes

Tonie M van Dam1 (35-2-33-14-87-31; tonie@ecgs.lu)

Arthur Niell2 (978-692-4767;
aniell@haystack.mit.edu)

1European Center for Geodynamics and Seismology ,
19 Rue Josy Welter, Walferdange L-7233, Luxem-
bourg

2MIT Haystack Observatory , Off Rte 40, Westford,
MA 01886, United States

Temporal variations in the spatial distribution of
atmospheric, hydrologic, and oceanic mass causes sig-
nificant deformation of the solid Earth at periods rang-
ing from daily to annual. Such deformation is not only
detectable with modern geodetic techniques but is a
strong component of many GPS coordinate time series.
In fact, using a global GPS tracking network it has
been demonstrated that it is possible to invert for a
truncated spherical harmonic expansion of the Earth’s
geometric shape. This deformation, combined with an
elastic earth model, can be used to estimate spherical
harmonic coefficients of the surface mass load. In this
way, we can determine surface mass distributions that
are consistent and that conserve mass in terms of the
global water budget. One problem with this approach
to deriving the surface mass variations is spatial corre-
lation between the loading signal and inadequate mod-
elling of the zenith tropospheric delay (ZTD). Corre-
lations between these signals will affect our estimates
of the amplitude of the mass load. In this paper, we
compare the spatial and temporal variations of model-
ing errors in the ZTD with various loading phenomena
and estimate the amplitude of the effect.
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Mass Loads, Surface Deformation, and
the Earth’s Rotation
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A fluid, mobile atmosphere and oceans surrounds
the solid Earth and upon its land surface lies a con-
tinually changing global distribution of ice, snow, and
ground water. The changing distribution of mass asso-
ciated with the motion of these surficial fluids changes
the load on the solid Earth, thereby causing its shape to
change. It has recently been demonstrated that large-
scale changes in the shape of the Earth’s surface can
be measured using the global network of GPS receivers.
Any dynamic Earth process that rearranges the Earth’s
mass will, in general, change the Earth’s inertia tensor,
and hence change the Earth’s rotation. Thus, many
(if not all) of the dynamic Earth processes causing the
Earth’s shape to change will also cause variations in
the Earth’s rotation. Observations of changes of both
the Earth’s shape and rotation arising from the same
underlying dynamic process should, of course, be con-
sistent with each other. Here, observations of changes
in the Earth’s shape are used to infer changes in the
mass load that are causing the Earth’s shape to change.
The second-degree harmonics of this inferred mass load
are then used to compute the change in the Earth’s in-
ertia tensor and hence the change in the Earth’s rota-
tion. This predicted change in the Earth’s rotation is
then compared to observations of the Earth’s rotation.
Prior to this comparison, motion effects due to winds
and currents on the Earth’s rotation are first removed
from the observations using the NCEP/NCAR reanaly-
sis atmospheric model and a data-assimilating version
of the ECCO ocean model, respectively. It is shown
that there is a good agreement between the observed
changes in the Earth’s rotation and those predicted by
the inferred mass load, particularly at seasonal frequen-
cies.

G51C-06 1135h INVITED

Surface Time-Variable Gravity Signals
And Possible Sources Including Core
Mass Flow

Benjamin F. Chao1 (benjamin.f.chao@nasa.gov)

Weijia Kuang1 (weijia.kuang-1@nasa.gov)
1Space Geodesy Branch, NASA Goddard Space Flight

Center, Greenbelt, MD 20771, United States

Over two decades of geodetic satellite-laser-ranging
(SLR) data show that the variation of the Earth’s
oblateness parameter J2 has a clear seasonal signal of
amplitude of about 3e-10 and a secular decrease of
about -2.8e-11/year, superimposed on some interest-
ing interannual fluctuations. Physically, any change in
mass distribution on/inside the Earth will be reflected
in the time-variable gravity signal obtained outside the
Earth, according to Newton’s gravitational law. There-
fore, such signal contains contributions from all geo-
physical sources that redistribute mass, on all tempo-
ral and spatial scales, including those from the core.
Besides Earth rotation and geomagnetic field varia-
tions, the time-variable gravity also contains informa-
tion linking Earth surface observations with internal
core dynamical processes. The time scales of the grav-
ity signal are critical in helping differentiate different
contributions. The atmosphere and hydrosphere are re-
sponsible for the seasonal and much of the interannual
and intraseasoanl fluctuations, while the secular trend
is due mainly to the post-glacial rebound but possibly
core mass flow. To estimate the latter effect, we use
our MoSST (Modular, Scalable, Self-consistent, Three-
dimensional) core dynamics model to forward simulate
the core flow, and density variation due to the core con-
vection. Our results suggest that, when upward con-
tinued to the surface, the J2 component of the core
mass redistribution can reach an overall amplitude of
e-11/year, approaching the SLR detectability and sig-
nificant in geophysical terms. We also find a general
westward drift of the mass flow, with a speed compa-
rable to that of the geomagnetic westward drift.

G51C-07 1150h INVITED

Hydromagnetic Oscillations of the
Earth’s Core: Constraints on the
Structure and Dynamics of the Core
from Geodetic and Geomagnetic
Observations

Bruce A Buffett1 (773-702-8107;
buffett@geosci.uchicago.edu)

Jon Mound2 (416-978-7606;
jon@sphere.physics.utoronto.ca)

1Department of Geophysical Sciences, The University
of Chicago, 5734 S. Ellis Avenue, Chicago, IL 60637,
United States

2Department of Physics, University of Toronto, 60 St.
George Street, Toronto, ON M5S 1A7, Canada

Numerical models of the geodynamo have been
remarkably successful in reproducing features of the
Earth’s magnetic field at the surface. However, the
internal workings of different models can be surpris-
ingly different. Efforts to distinguish between these
possibilities are hampered by a lack of relevant obser-
vations. The most useful sources of information include
estimates of fluid flow at the surface of the core, vari-
ations in the length of day, and changes in the gravity
field. Interpreting this information relies on models to
relate the observations to physical processes in the core.
We address the need for better models by developing a
new theoretical framework based on methods commonly
employed in normal-mode seismology. The underlying
mathematical models describe hydromagnetic waves in
the core (torsional oscillations) and the accompanying
motion of the mantle and inner core. The coupled mo-
tion of the core and mantle can be decomposed into an
infinite set of normal modes. The frequency and spa-
tial form of the normal modes depend on the physical
properties of the core (include the structure of the in-
ternal magnetic field), whereas the modal amplitudes
are related to the excitation source. The orthogonality
of the normal modes is used to define a Green’s function
for the response of the system to an excitation which
is localized in space and time. The predicted response
for a spatially distributed, time-dependent source is ob-
tained by convolving the source with the Green’s func-
tion. We give several representative examples and show
how this approach can be used to jointly invert obser-
vations of fluid flow at the core surface, variations in
the length of day, and changes in the gravity field for
the structure of the internal magnetic field and for the
convective processes in the core that excite the oscilla-
tions
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Inner Core Tilt and Polar Motion:
Probing the Dynamics Deep Inside
the Earth
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1Department of Earth and Planetary Sciences, Har-
vard University, 20 Oxford Street, Cambridge, Ma
02138, United States

A tilted inner core permits exchange of angular mo-
mentum between the core and the mantle through grav-
itational and pressure torques and, as a result, changes
in the direction of Earth’s axis of rotation with respect
to the mantle. Some of the observed variations in the
direction of Earth’s rotation could then be caused by
equatorial torques on the inner core which tilt the lat-
ter out of its alignment with the mantle. In this work,
we investigate whether such a scenario could explain
the decade polar motion known as the Markowitz wob-
ble. We show that a decade polar motion of the same
amplitude as the observed Markowitz wobble requires
a torque of 1020 N m which tilts the inner core by 0.07
degrees. This result critically depends on the viscosity
of the inner core; for a viscosity less than 5 × 1017 Pa
s, larger torques are required. A torque of 1020 N m
with decadal periodicity can perhaps be produced by
electromagnetic coupling between the inner core and a
component of the flow in the outer core known as tor-
sional oscillations, provided that the radial magnetic
field at the inner core boundary is on the order of 3
to 4 mT and satisfies certain geometrical constraints.
The resulting polar motion thus produced is eccentric
and polarized, in agreement with the observations. Our
model suggests that equatorial torques at the inner
core boundary might also excite the Chandler wobble,
provided shorter wavelength torsional oscillations with
higher natural frequencies have enough power or pro-
vided there exists another physical mechanism that can
generate a large torque at a 14 month period.

G52A MCC: Level 1 Friday 1330h

High-Rate GPS: Infrastructure and
Applications Posters (joint with S)

Presiding: M Caissy, NRCAN; G
Weber, BKG

G52A-0037 1330h POSTER

High-Rate GPS Data From the National
CORS Network

Richard Snay1 (301-713-3191 x 103;
Richard.Snay@noaa.gov)

Miranda Chin (301-713-2844 x 125;
Miranda.Chin@noaa.gov)

Gordon Adams (301-713-3251 x 143;
Gordon.Adams@noaa.gov)

1NOAA’s National Geodetic Survey, 1315 East-West
Hwy / Room 8813, Silver Spring, MD 20910, United
States

The U. S. National Continuously Operating Refer-
ence Station (CORS) network contains 100+ stations
that collect GPS data at a 1-hertz rate. Organiza-
tions that operate these high-rate CORS include the
Federal Aviation Administration (FAA) and the States
of Florida, Michigan, North Carolina, Ohio, Pennsylva-
nia, and Vermont, as well as other organizations. The
FAA-operated CORS comprise the Wide Area Augmen-
tation System that serves primarily to enable safe and
efficient air navigation. The remaining high-rate CORS
serve primarily to enable highly accurate static and
kinematic positioning, especially for postmission sur-
veying and mapping applications. NOAA’s National
Geodetic Survey currently distributes GPS data from
these high-rate CORS with a 1-hour latency. A signif-
icantly shorter latency is technically possible for many
of these CORS.

URL: http://www.ngs.noaa.gov/CORS/

G52A-0038 1330h POSTER

A multipurpose high-rate GPS
observatory for northwestern Mexico

emil robert kursinski1 (kursinsk@atmo.arizona.edu)

Richard A Bennett2 (rbennett@cfa.harvard.edu)

Andrea Hahmann1 (hahmann@atmo.arizona.edu)

1University of Arizona, 1118 E. Fourth St, Tucson,
AZ 85721, United States

2Harvard-Smithsonian Center for Astrophysics, 60
Garden Street, MS 42, Cambridge, MA 02138,
United States

We describe a proposed joint atmospheric and geo-
physical high-rate GPS observatory in northwestern
Mexico complementing and extending analogous net-
works in the United Stated. The observatory would
measure atmospheric water vapor during the North
American Monsoon Experiment (NAME) as well as
crustal velocities within and across the Gulf of Cal-
ifornia and the Mexican Basin and Range region for
geodetic applications. The NOAA-sponsored NAME
scheduled for several summers beginning in 2004 ad-
dresses the challenging issue of determining and im-
proving the predictability of warm season precipitation
in the mountainous region of the Northwestern Mexico
and Southwestern US. Much of the rainfall in the re-
gion comes during the North American Monsoon each
summer. Rainfall in the region is particularly difficult
to model and predict because the orography and the
complex land-sea geometry of the region with moisture
sources in the Gulf of Mexico, Gulf of California and
the eastern subtropical Pacific Ocean. The GPS pro-
vides accurate, near-continuous observations of water
vapor in clear and cloudy air needed to sample the large
diurnal variations in the dynamic and thermodynamic
properties of the atmosphere. GPS in combination with
wind and other measurements scattered in and around
the region will provide much needed constraints to de-
termine quantitatively the sources supplying moisture
for precipitation within the NAME area. Tectonic ap-
plications of this continuous GPS network in Mexico in-
clude high-precision determinations of plate boundary
deformation in and around the Gulf of California and
possible diffuse deformation within the Mexican Basin
and Range province. Because of the high sampling rate
(1 Hz), the network will also provide data for seismolog-
ical applications, including surface wave studies (e.g.,
Larson et al., SCIENCE, 2003) and potential near-field
displacement records. Furthermore the network would
complement the US-based Plate Boundary Observatory
(PBO) facility by extending continuous GPS coverage
into northern Mexico and other relatively smaller-scale
continuous GPS networks in southern Mexico as well
as provide important data for surveying and mapping
applications. Several years of observations are required
to capture the substantial year-to-year variations in the
monsoon and yield accurate estimates of tectonic mo-
tion. Both objectives can be accomplished relatively
inexpensively with the simple and robust GPS observa-
tions made in collaboration with investigators in Mex-
ico.
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The massive worldwide growing of Internet capacity
enables the introduction of new services such as Inter-
net Radio or Internet Video-on-Demand, which trans-
fer continuous data-streams by IP-packages. These ser-
vices include the data transport via mobile IP-Networks
like GSM, GPRS, EDGE, and UMTS where costs are
nowadays rapidly decreasing. As a consequence, the
global Internet can be used for the real-time collection
and exchange of GNSS data, as well as for broadcast-
ing derived differential products. Compared to Multi-
media applications, the bandwidth required for stream-
ing GNSS data is relatively small. The introduction of
a real time streaming of GNSS data via Internet as a
professional service is demanding with respect to net-
work transparency, network security, program stability,
access control, remote administration, scalability and
client simplicity. This paper will discuss several pos-
sible technical/protocol solutions for streaming GNSS
date over the Internet: Unicast vs. IP-Multicast, TCP
vs. UDP, Client/Server vs. Client/Server/Splitter ar-
chitecture. Based on this discussion, a novel HTTP-
based technique for streaming GNSS data to mobile
clients over the Internet is introduced. It allows simul-
taneous access of a large number of PDAs, Laptops, or
GNSS receivers to a broadcasting host via Mobile IP-
Networks. The technique establishes a format called
”Networked Transport of RTCM via Internet Protocol”
(NTRIP). NTRIP is designed for disseminating differ-
ential correction data (e.g. in the RTCM-104 format)
or other kinds of GNSS streaming data.
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Most POD systems that are used in GPS data anal-

ysis, for instance in routine IGS processing, are large
FORTRAN programs that have evolved from early gen-
eration systems over many years of use. These systems
do not exploit the advantages of modern software en-
gineering technology, and their limited processing ef-
ficiency constrains their application to emerging large-
scale GPS processes, like real-time GPS, high-rate data
processing or combined solutions for LEO + MEO con-
stellations. In support of such high-performance appli-
cations, the ESOC IGS Analysis Centre is developing
a new POD system based on the latest software engi-
neering methods. This system is optimised in its use of
both CPU and memory, following fundamental rules of
minimum information containment that are more com-
monly found in internet search engines or artificial in-
telligence applications. Although this new system still
has an experimental status it is expected to augment
the GPS data processing capacity at ESOC by at least
one order of magnitude. Some innovative concepts be-
hind the system will be presented, together with first
examples of GPS processes that until now were pro-
hibitively large or slow.
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Model predictions show that ocean tide loading

(OTL) in the British Isles is particularly large (up to
several cms in the S. W. of Britain). The primary cause
of uncertainty in OTL models is the ocean tide models
on which they depend. Interaction of the tides in the
open oceans and the more restricted coastal regions,
along with the intricate shape of the coastline, make
accurate modelling of OTL in the British Isles difficult.
Therefore an approach to directly measure these effects
has been devised, using data gathered from a network of
continuously operating GPS receivers (COGRs), in an
attempt to validate or improve existing OTL models.
We observe OTL at diurnal and semi-diurnal periods
by directly estimating fixed-period harmonic motions
within individual daily GIPSY/OASIS II GPS analy-
ses. This approach enables us to solve separately for
the tropospheric zenith wet delay (ZWD) as a random-
walk parameter. An iterative Kalman Filter approach
to combine the multiple daily solutions enables us to
isolate the principal near-diurnal (K1, O1, P1, Q1)
and near-semi-diurnal (M2, S2, N2, K2) OTL compo-
nents. A preliminary test shows that data from six UK
sites produce estimates which are in good agreement
with OTL predicted by the FES99 model, where values
vary from 3-43 mm in amplitude (M2) at the six sites.
Our final estimates are generated using approximately
1000 days of data in the solution, resulting in amplitude
standard deviations of approximately 1 mm per compo-
nent (compared with an RMS difference between OTL
models of 2 mm per component). However, the phase
estimates of the OTL components take much longer to


