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In order to estimate stress change within the crust
from the observed displacement rates, we have devised
a new stress inversion method, which uses Airy’s stress
function. The merit of this stress inversion method is
that we can estimate stress field without full knowl-
edge of elastic property of the object and without tak-
ing high order derivatives of the observed quantity. We
assumed that the strain within the crust is the sum-
mation of elastic strain and non-elastic strain and fur-
ther assumed that the volumetric strain does not in-
clude non-elastic deformation. This is equivalent that
the crust is composed of elasto-plastic material. We
examined this method for simple cases assuming differ-
ent rigidities. Solutions showed mostly identical stress
distributions with analytical solutions no matter what
the values of rigidity are. Thus the method can esti-
mate stress within the crust without knowing rigidity.

Then we applied this stress inversion method to
the Japanese Islands where Geographical Survey Insti-
tute has been operating a nationwide GPS array named
"GEONET”. We used velocity data estimated from
three years of observations of GEONET. For applying
this method to the Japanese Islands, we need to esti-
mate boundary traction around the Japanese islands.
‘We used two different approaches for this purpose; one
is using the average stress change derived from simple
average strain change and the other is using stress drop
data of large earthquakes that have occurred at the
plate boundaries around the Japanese Islands. Though
results showed slightly different stress distributions es-
pecially in the inland area, they did not look like sig-
nificant difference. Thus we used the result of latter
case for further discussion because it uses geophysically
more meaningful assumptions than the former case.

In order to examine if the obtained stress is ap-
propriate or not, we compared observed "total” strain
and estimated “elastic” strain assuming an arbitrary
value of rigidity in the whole area. Results suggest that
the estimated strain looks generally larger than the
observed one, which indicates that the given uniform
value of rigidity might not be appropriate. Thus in re-
turn, we could estimate the distribution of rigidity by
this comparison. Comparison of this result with seis-
micity data suggests that inland shallow earthquakes
seem to occur where rigidity is lower.

Although the method shown here have to be im-
proved for further applications such as for 3D material
and for better estimation of boundary tractions, the
method may be used for monitoring stress changes in
the Japanese Islands from the dense GPS array.
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We develop a new method for space-time imaging of

fault slip or dike intrusion from geodetic data. Segall
and Matthews (1997) first presented a Kalman filter
(KF) based method to infer spatio-temporal distribu-
ton of fault slip from geodetic data and it has been
applied to several transient phenomena. In KF, ob-
servation noise and system noise are assumed to fol-
low stationary Gaussian distributions, and this assump-
tion has made it difficult for us to identify small varia-
tion of signals and to trace rapidly accelerating signals
or coseismic signals. In order to overcome this diffi-
culties, we develop a new algorithm for state estima-
tion, which we call Monte Carlo mixture Kalman fil-
ter (MCMKF). MCMKF can be applied to conditional
dynamic linear model in which system model and ob-
servation model are variable in time. This feature en-
ables us to construct more flexible models than con-
ventional state space model. We apply this space-time
inversion method to simulated data which are gener-
ated by an infinitely long strike slip fault. In order to
separate tectonic signal from local station motion, we
take random walk noise component into account fol-
lowing Segall and Matthews (1997). Results show that

the proposed method can reproduce rapidly accelerat-
ing and decelerating fault slip and coseismic slip as well
as slow variation of fault slip rate, even in a case that
noise level is so high that signal is invisible. Compar-
ison of results obtained by MCMKF and KF indicate
that the likelihood obtained by the MCMKF approach
is significantly larger than that obtained by the KF ap-
proach especially when defomation rate varies rapidly
or coseismic deformation exists, and signal-to-noise ra-
tio is low.
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The Japanese Islands are located at the boundaries
among Eurasia, Pacific, North America and Philippine
Sea plates. Collision and subduction of these plates
cause overall crustal deformation in the islands. Recent
studies of geodetic inversion of dense GPS array data
have shown that the distribution of inter-plate coupling
is not homogeneous along the subducting plate bound-
aries. It is important to elucidate the distribution of
rates of coupling along the boundaries for understand-
ing subduction process and nature of slow slip episodes
as well as for earthquake prediction studies.

In the conventional inversion scheme, all physical
processes involved (surface measurements due to fault
dislocation, in this case) are represented by Greenfs
function. Therefore, the nature of Greenfs function de-
termined the ill-posedness of inverse problem. In order
to solve this problem, Hori (2001) introduced a new ap-
proach of inversion, in which inversion operator (Green
function as an operator) is determined without consid-
ering the method of measurement by introducing the
spectral decomposition of Green function. The opera-
tor can be computed if Greenfs function and domains
are given, no matter how actual measurements are con-
ducted. Since inverse operator is obtained through nu-
merical spectral decomposition of Greenfs function, it
clarifies the mathematical reason of the ill-posedness of
the inverse problem. Deformation function at surface
can be estimated from measured data using least square
method and then the deformation function is used for
solving the inverse problem to predict slip function at
the plate boundary using inverse operator.

We have applied this new inversion method to the
Japanese GPS data and estimated the distribution of
back-slip (or coupling) on a subducting Philippine Sea
plate. Before applying the method, we considered
that the vertical component of GPS data is important
in estimating distribution of coupling along the plate
boundary. For this purpose, first, we reduced the noise
in the vertical components of GPS time series by re-
moving correlated scatter among neighboring stations.

The calculated slip distribution on the Philippine
Sea plate indicates that the slip generally directs to
the northwest with the maximum speed of about 8
cm/yr, consistent with motion of the Philippine Sea
plate, though some improvements may be necessary for
more conclusive results.
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Regarding the seasonal crustal deformation found in
the nationwide GPS array (GEONET) data [Murakami
and Miyazaki, 2001], Heki [2001] analyzed two-year
data in Northeast Japan and attributed it to seasonal
loading by snow along the western flank of the back-
bone range. Recently, the whole GEONET data set was
reanalyzed by the Geographical Survey Institute using
an improved software system. Here I report results of
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the investigation of the mechanisms of seasonal crustal
deformation over the entire Japan with a method sim-
ilar to my past study [Heki, 2001]. I modeled site co-
ordinates time series 1996-2002 with linear, annual and
semiannual functions. By rejecting sites with parame-
ter uncertainties and residuals larger than thresholds,
I automatically excluded sites with insufficient tempo-
ral coverage and sites that experienced transient de-
formation due to (slow) earthquakes. Although not
clear in the local analysis of Northeast Japan [Heki,
2001], uniform seasonal expansion/contraction for the
entire country is significant in addition to the snow
loading signals. By using the 3D site displacements
in winter relative to those in summer, I estimated the
load distribution (water column heights for blocks as
large as 50km x 50km), as well as the scale change
as an additional parameter. We obtained the scale of
5.7E-9(contraction in winter) and the load distribution
which largely coincides with the snow depth distribu-
tion observed by AMeDAS (Automated Meteorological
Data Acquisition System). However, significant loads
are often estimated in snow-free regions and further
investigation is needed for other loading mechanisms
such as atmosphere, non-tidal ocean loading, and soil
moisture. It is difficult to identify the origin of the
scale change, but real deformation (e.g. global con-
traction of the northern hemisphere in winter [Blewitt
et al., 2001]) would be minor in comparison with arti-
ficial changes stemming from atmosphere, etc.
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Crustal deformation in Shikoku and western Hon-
shu, Japan, is dominated by 1) interplate coupling
along the Nankai trough, 2) strike slip faulting at the
Median Tectonic Line (MTL), and 3) rigid plate mo-
tion. However, the interplate coupling effect and rigid
plate motion have not been well separated in previous
studies because they are based on horizontal velocities
only and the reference frame was ambiguous. Also, the
slip rate of MTL was not well constrained because of
the sparsity of geodetic data, although geological esti-
mates have been available. Thus we tried to separate
these effects by using horizontal and vertical GPS ve-
locities and a refined kinematic reference frame.

We first obtained the depth variation of the inter-
plate coupling from vertical velocities of GPS sites,
based on the idea that vertical velocities are not con-
taminated by rigid plate motion or the MTL motion.
The result shows that the seismic coupling decreases
gradually from 27km to 40km depth, consistent with
the deep slip model, in which the fault is extended to
the ductile shear zone, as an interseismic strain accu-
mulation model. The shallower part (< 15km) of the
plate interface is not likely to be fully coupled, but the
resolution is poor because of the lack of GPS sites near
the trench.

Next, given the depth variation of the interplate
coupling, we estimated the slip rate of the MTL and
rigid plate motion from horizontal GPS velocities ac-
cording to the new reference frame with respect to the
stable Eurasian craton by Kogan et al. (to be submit-
ted to J. Geophys. Res.). The slip rate of the MTL
is estimated to be 2.28 + 1.06mm/yr. Although the
estimated rate is smaller than the geological estimate
(7mm/yr), the MTL must have accumulated 2m of slip
because no large earthquake have occurred in the last,
at least, 1000 years. Rigid plate motion of the area is
1.50 £+ 0.62mm/yr westward with respect to the stable
Eurasian craton, indicating that western Japan is likely
to be on the Eurasian plate and the general assump-
tion that western Japan is on the Amurian plate mov-
ing 5 —10mm/yr eastward with respect to the Eurasian
plate is not likely to be true.
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The Nicoya peninsula, in NW Costa Rica, sits over
the seismogenic portion of the Cocos-Caribbean inter-
phase. This makes the peninsula an ideal place to
record and study both, the elastic deformation asso-
ciated with the earthquake cycle, as well as the vis-
coelastic deformation resulted from failure. An addi-
tional temporal advantage of the Nicoya peninsula is
that this subduction segment is near the end of a seis-
mic cycle (it ruptured in 1853, 1900 and 1950) and it
is deforming rapidly.

As a joint cooperation effort between the Costa Rica
Volcanological and Seismological Observatory, at the
National University (OVSICORI-UNA) and the Japan
Marine Science and Technology Center (JAMSTECQC),
with funding from the Japan International Cooperation
Agency (JICA), a dense (5-10 km spacing) transect of
GPS sites was constructed and occupied in the fall of
2001. This GPS transect, which consists of 10 sites that
cover from the updip portion of the locked zone to be-
yond its downdip extend, complements a more regional
network of nearly 25 sites in and around the Nicoya
peninsula, occupied several times by OVSICORI-UNA,
the Jet Propulsion Laboratory, the University of Miami
and the University of California at Santa Cruz.

Early in 2002 JICA donated the equipment for three
continuous recording GPS stations to be installed on
the peninsula at three sites of the transect. The instal-
lation of the continuous sites and reoccupation of the
transect will be carry out by OVSICORI-UNA and the
Earthquake Research Institute (ERI) of Tokyo Univer-
sity, in the fall of 2002. Also as part of this new joint
cooperation initiative, JICA, ERI and JAMSTEC will
build up at OVSICORI-UNA the capability to process
the GPS data in Costa Rica. We will be presenting pre-
liminary results from both the campaign-style transect
as well as the continuous sites.
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The Adriatic region (a broad area of deformation in
the central Mediterranean within the Eurasian-African
plate boundary zone) is an ideal natural laboratory for
studying plate boundaries because of the wide vari-
ety of tectonic processes it displays (e.g., continental
collision, subduction of continental and oceanic litho-
sphere, major continental faults). The Adriatic block
moves relative to the Eurasian plate at between 1 and
6 mm/yr. This motion generates moderate to large
earthquake in many areas, some of which are highly
populated. However, the region has been investigated
mainly at a local scale, so we have only a limited under-
standing of the deformation field. Considerable uncer-
tainty surrounds the present kinematics of this region
(e.g., is the Adriatic block still closely connected with
the African continent, does it behave as an independent
microplate or is it an area of continuous deformation?).

To determine the behavior of the Adriatic block,
we analyze continuous GPS data from 30 stations of
the EUREF and ASI network along the border of the
Adriatic region (the majority of the GPS stations are
located along the Italian peninsula, a smaller number
along the Slovenian and Croatian coast). To assess the
overall quality of the analysis (e.g., to identify those
stations with a discontinuous or inconsistent data set),
we compute time series of station positions.

We use the estimated GPS horizontal velocities to
impose constraints on the kinematics of the Adriatic
region.

URL: http://seismo.berkeley.edu/~battag
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The Icelandic Meteorological Office operates a net-
work of continuous GPS stations (ISGPS). The network
was initiated as a collaborative project in 1999, to mon-
itor crustal movements in active tectonic and volcanic
areas in Iceland. There are presently 17 continuous
GPS stations in Iceland, of which 14 belong to the IS-
GPS network, two are IGS stations and one is operated
by the National Land Survey of Iceland. The design of
the ISGPS network is aimed towards simplicity, robust-
ness and cost-efficiency. The number of electric com-
ponents in the field is minimized and we use a stain-
less steel quadripod monument design to achieve high
monument stability. Data from the ISGPS stations are
automatically downloaded and processed on a daily ba-
sis. We use the Bernese V4.2 software to process the
data. The data are initially processed using predicted
satellite orbits, and then reprocessed with CODE final
orbits.

The time series from most ISGPS stations are dom-
inated by motion caused by plate spreading, in general
agreement with the NUVEL-1A plate motion model.
Discrepancies are observed at stations which are within
the plate boundary deformation zone or close to vol-
canic deformation sources. Transient signals attributed
to an eruption in Hekla in February 2000, are ob-
served. The nearest station, located 50 km from Hekla,
recorded 7 mm horizontal motion towards Hekla during
the eruption. Time series from stations located near
Katla volcano indicate there is a slow pressure increase
beneath the volcano. Two magnitude My, =6.5 and
My =6.4 earthquakes spaced 17 km apart occurred on
June 17 and June 21, 2000, in the South Iceland Seis-
mic Zone. Although most of the ISGPS stations were
not located close to the epicenters, a clear deformation
signal was detected at all operational stations. The co-
seismic displacements for the June 21 event fit well to
a source model based on network GPS measurements.
The observed displacements for the June 17 event in-
clude deformation from triggered events on Reykjanes
Peninsula.

The ISGPS network has proven a valuable tool to
monitor crustal deformation and timing deformation
events.

URL: http://hraun.vedur.is/ja/englishweb/gps.html
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Despite advances in permanent station monumen-
tation and site selection, multipath at geodetic GPS
stations still remains a major source of error. Geo-
physicists use the GPS phase observable to obtain mil-
limeter positioning results, yet multipath phase errors
can easily be on the centimeter level in some cases. A
method to remove phase multipath errors without ex-
pensive equipment changes or extensive computing time
would be of great benefit to the geodetic community.

‘We present here a method to evaluate phase multi-
path errors and correct for these errors using the signal-
to-noise ratio (SNR) recorded by GPS receivers. Al-
though the SNR observable is not routinely reported
in RINEX files at this time, the SNR can be easily
extracted from most raw GPS data files. A reflected
(multipathed) signal can interfere constructively or de-
structively with the direct signal, yet the GPS receiver
will observe and record only the composite (direct +
reflected) signal. SNR serves as a measure of the de-
gree of constructive and destructive interference. With
adaptive signal processing techniques, measures of the
direct and reflected signal phase, amplitude, and fre-
quency can be extracted from the SNR. Using these
measures, an effective reflector (horizontal surface un-
der the antenna or an adjacent building, for exam-
ple) with a certain distance and orientation relative to
the antenna can be determined. The spatially corre-
lated nature of multipath errors is then used to gen-
erate phase corrections based on any appropriate re-
ceiver/satellite geometry where reflections would take
place.

SNR-based corrections were applied to a large num-
ber of continuous GPS stations, where the corrections

used depended on the degree of multipath severity. Re-
sults from point-positioning and network solutions for
several stations before and after SNR-based corrections
are given here.

G22A-07 1520h

Five Years of GPS Observations Along
the Length of the Cascadia Margin:
Fate of the Eastern California Shear
Zone and Entrainment of the Cascadia
Fore-arc in Oblique Subduction

M. Meghan Miller! (509/963-2825;
meghan@geology.cwu.edu)

Daniel J. Johnson! (509/963-2822;
dan@geology.cwu.edu)

Andrew M. Miner! (minera@geology.cwu.edu)

1Geodesy Lab PANGA Data Analysis Facility, De-
partment of Geological Sciences Central Wash-
ington University, Ellensburg, WA 98926, United
States
High-precision, continuous GPS geodesy in the Pa-
cific Northwest provides a synoptic view of the along-
strike variation in Cascadia margin kinematics. We
present an updated and denser PANGA (Pacific North-
west Geodetic Array) GPS velocity field with improve-
ments in systematic noise reduction, uncertainty mod-
eling, and longer observation intervals. Common sta-
tions in this and our previously published solution
[Miller et al., 2001] demonstrate agreement in the ve-
locity field and stable continent reference frame at bet-
ter than the 95% confidence. Nevertheless, improve-
ments in analysis reveal detailed structure of the time
series and better precision. The velocity field and
its temporal variations constrain the interfering pat-
terns of deformation that affect the Cascadia conver-
gent margin on decadal time scales.
in the northern and central parts of the margin are
strongly entrained in the Juan de FucaNorth America
convergence direction. This pattern is overlain on the
transition from the inland penetration of the transform
margin, the Eastern California shear zone and NW-
migrating Sierra Nevada block, to fore-arc entrainment
and geodeteically modest back-arc deformation. These
results reveal the break-up of the Sierra Nevada block
at its northern end, the transfer of NW-directed trans-
form motion south of and across the Klamath Moun-
tains province, the northward migration of the fore-
arc along a boundary that lies close to or within the
Oregon Cascades magmatic axis. Inland stations have
lesser motions, consistent with their structural domains
from south to north: the Canada and northern Wash-
ington back arc experiences slow convergence parallel
motion, the Yakima fold belt actively contracts, and
southeastern Oregon shows integrated Basin and Range
extension. The magnitude of northward fore-arc mo-
tion relative to North America decreases northward
from northern and central Oregon ( 7-8 mm/yr), to
western Washington (5-7 mm/yr) to Vancouver Island
(2 mm/yr), consistent with oblique convergence and
geologic constraints on permanent deformation. The
margin-parallel strain gradient, concentrated in west-
ern Washington across the populated Puget Lowlands,
compares in magnitude to shortening across the Los
Angeles Basin.

Coastal stations

URL: http://www.geodesy.cwu.edu
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Time series of daily GPS positions from the SCIGN

and its predecessor, the PGGA, arrays are analyzed
for geodetic signal and noise content. The eleven
year analysis interval, January 20, 1991 - January 12,
2002, spans 4 earthquakes that produced measurable
crustal deformation. A site motion model is developed
to simultaneously estimate linear trends, nuisance off-
sets, annual and semi-annual oscillations, along with
the crustal deformation. Deformation model parame-
ters include coseismic offsets from the My, 6.1 Joshua
Tree, My, 7.3 Landers/ My, 6.2 Big Bear, My, 6.7
Northridge, and My, 7.1 Hector Mine earthquakes, as
well as postseismic rate changes and exponential decays
following the Landers and Hector Mine earthquakes.
Model parameters are estimated using weighted least
squares with full data covariances that account for the
white and flicker noise present in each time series. Po-
sition noise is reduced by a factor of 2 in each coordi-
nate direction by removing orbital and global reference
frame errors that have a common affect over the region.
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After removing the common mode noise, the scatter of
daily position residuals is about 1.1 mm horizontally
and 3.5 mm vertically. Horizontal postseismic defor-
mation was modeled as a short-term relaxation that de-
cays exponentially superimposed on a longer-term sig-
nal that, at time scales of a several years, resembles
a rate change. Vertical postseismic deformation was
modeled only as a rate change.

Resulting horizontal coseismic displacements com-
pare fairly well with published fault dislocation models
for the earlier Joshua Tree, Landers, and Northridge
earthquakes. For the later Hector Mine earthquake,
estimated coseismic offsets show good agreement with
modeled displacements in both horizontal and verti-
cal directions. Between the Landers and Hector Mine
earthquakes, linear site rates were estimated with for-
mal uncertainties (using the white+4flicker data noise
model) of <0.5 mm/yr horizontally and <2 mm/yr ver-
tically. As expected, the direction of horizontal post-
seismic deformation from the Landers and Hector Mine
earthquakes largely coincides with the direction of co-
seismic displacement. Best-fit time constants for esti-
mated exponential decays were somewhat variable from
site-to-site, ranging from 2 to 5 months. In the vertical
direction, the post-Hector Mine rate change between
the Elsinore and San Jacinto faults acts in the direction
that reduces absolute vertical motion, so that postseis-
mic rates in this area are negligible. Postseismic uplift
is occurring to the south of the rupture, with rates up
to several mm/yr. The region of postseismic uplift is
bounded to the southeast by the San Jacinto fault.
URL: http://sopac.ucsd.edu/other/personnel/
niko.html
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GPS observations made from 1994 to 1998 suggest
contractional strain to be biggest across the northern
half of the metropolis [Argus et al. 1999]. SAR inter-
ferometry shows aquifer and oil fields in the metropolis
to be rising and falling [Bawden et al. 2001]. If such
subsidence and uplift made by man were to accumulate
over several years, then horizontal motions accompa-
nying the vertical motions could bias the interseismic
velocity field determined from GPS.

‘We assess the size of horizontal motions accompany-
ing the rise and fall of aquifers and oil fields using both
GPS geodesy and synthetic aperture radar (SAR) in-
terferometry. We find horizontal oscillations (observed
with GPS) of the Santa Ana aquifer to be biggest where
vertical oscillations (observed with SAR) change in size
most quickly with distance. Using 10 GPS sites in and
around the aquifer and 3 seasonal interferograms, we
find the horizontal oscillation (in mm) roughly equals
1000 m times the vertical gradient (in mm/m).

We next use this empirical relationship to remove
from the interseismic velocity field the effect of aquifers
and oil fields: we take the horizontal velocity (in
mm /year) made by man to be 1000 m times the vertical
gradient (in mm/year per m) observed with SAR over
several years. Removing motions made by man reduces
variations in velocities across the metropolis, allowing
the velocity field to be evaluated more instructively for
seismic hazard.

We then determine the residual velocity field re-
moving both motions made by man and elastic right
shear that will be released in great earthquakes along
the San Andreas. Contractional strain is observed to
be directed north-northeast and to be bigger across the
northern half and smaller across the southern half of
greater Los Angeles New GPS sites define the spatial
variation in contraction much better than before. Rel-
ative to the San Gabriel mountains USC is moving at
4.5 £1.5 mm/year toward the north-northeast and Pa-
los Verdes is moving at 6 +1.5 mm/year toward the
north-northeast. (The values following the + are 95%
conf. limits excluding uncertainty in motions made by
man.)
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Current seismic hazard estimates are primarily
based on seismic and geologic data, but geodetic mea-
surements from large, dense arrays such as the South-
ern California Integrated GPS Network (SCIGN) can
also be used to estimate earthquake probabilities and
seismic hazard. Geodetically-derived earthquake prob-
ability estimates are particularly important in regions
with poorly-constrained fault slip rates. In addition,
they are useful because such estimates come with well-
determined error bounds. Long-term planning is un-
derway to incorporate geodetic data in the next gen-
eration of United States national seismic hazard maps,
and techniques for doing so need further development.

I present a new method for estimating the expected
rates of earthquakes using strain rates derived from
geodetic station velocities. I compute the strain rates
using a new technique devised by Y. Hsu and M. Simons
[Y. Hsu and M. Simons, pers. comm.], which computes
the horizontal strain rate tensor (é) at each node of a
pre-defined regular grid, using all geodetic velocities in
the data set weighted by distance and estimated un-
certainty. In addition, they use a novel weighting to
handle the effects of station distribution: they divide
the region covered by the geodetic network into Voronoi
cells using the station locations and weight each sta-
tion’s contribution to é by the area of the Voronoi cell
centered at that station. I convert é into the equiva-
lent seismic moment rate density (M) using the method
of Savage and Simpson [1997] and maximum seismogenic
depths estimated from regional seismicity; M gives the
expected rate of seismic moment release in a region,
based on the geodetic strain rates. Assuming the seis-
micity in the given region follows a Gutenberg-Richter
relationship, I convert M to an expected rate of earth-
quakes of a given magnitude. I will present results of
a study applying this method to data from the SCIGN
array to estimate earthquake rates in southern Cali-
fornia, but my technique is generally applicable to any
region with a sufficiently dense geodetic array and well-
located seismicity.

Savage, J. C. and R. W. Simpson, Surface strain ac-
cumulation and the seismic moment tensor, Bull. Seis-
mol. Soc. Am., 87, 1345-1353, 1997.

G22A-11 1620h

Optimizing GPS arrays to image both
tectonic and anthropogenic
deformation

Gerald W Bawden (916-278-3131;
gbawden@usgs.gov)

U.S. Geological Survey, 6000 J. Street - Placer Hall,
Sacramento, CA 95819, United States

The design and development of the next generation
of continuous GPS arrays can be optimized to mea-
sure both tectonic and ground water-induced surface
deformation, by minimizing the number of GPS sites
located on the margins of pumped aquifers. Ground
water pumping and hydrocarbon production through-
out southern California cause vertical and horizontal
deformation that are evident in Interferometric Syn-
thetic Aperture Radar (InSAR) imagery and continu-
ous GPS measurements. For instance, multi-year In-
SAR imagery show that portions of metropolitan Los
Angeles are subsiding at rates of more than 20 mm/yr
and seasonal InSAR imagery show vertical oscillations
of as much as 110 mm, from late summer to early fall.
GPS sites located on the margins of these basins have
as much as 15 mm of seasonal horizontal motion in their
time-series and are pulled towards the basins with an-
nual subsidence.

Establishing GPS arrays that attempt to avoid an-
thropogenic deformation signals altogether will leave
significant gaps in the network that would be inef-
fective for resolving slip on targeted faults. In addi-
tion, changes in ground water pumping patterns may
encroach on the tectonic geodetic network. However,
since most tectonic studies heavily rely on horizontal
GPS components to model fault slip at depth and most
ground water subsidence modeling studies use only ver-
tical elevation changes, then locating GPS sites in re-
gions with small InSAR gradients will satisfy both mod-
eling needs. Therefore, GPS sites located well within
or outside of ground water basins will have significantly
smaller horizontal motion than sites located on basin
margins and can be utilized by both science communi-
ties.

URL: http://quake.wr.usgs.gov /research/deformation/
modeling/socal/la.html
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A large investment has been made in regional con-
tinuous GPS networks in the western United States and
abroad. One of the strengths of these networks is that
they produce measurements with sufficient temporal
density to image subtle time-varying deformation. In
order to use the networks to their full potential it is
necessary to both mine the established baseline of data
for evidence of previously unidentified slip transients
and to implement a means for using the continuous
data stream in ongoing monitoring for transient defor-
mation. These applications require the ability to sep-
arate small transient signals from ongoing steady-state
deformation.

An example of the type of transient deformation de-
scribed above may be found in several studies that have
inferred transient slip events at the transitions between
locked and creeping sections of the San Andreas fault.
Such processes, if present, would have an important im-
pact on the cycle of strain accumulation and release
on a major strike-slip plate-bounding fault, and under-
standing them may shed light on the conditions which
favor aseismic slip over unstable failure. Langbein et
al. (1999) used two-color EDM and strainmeter data
to model one such event. They estimated the secular
slip-rate on the San Andreas near Parkfield, CA prior
to 1993 and a post-1993 rate change. For the latter
period they imaged a slip-rate increase extending over
~25 km?2 with a peak value of ~6 mm/yr.

An adaptation of the Kalman filter called the Ex-
tended Network Inversion Filter (ENIF, Segall and
Matthews, 1997; McGuire and Segall, in review), de-
veloped to analyze transient deformation using geodetic
data, is capable of simultaneously imaging the spatial
and temporal slip history of a fault. Here we present
the results of simulations designed to assess the fea-
sibility of using the ENIF to model transients with
low signal to noise ratio using existing station distri-
butions. We also explore to what extent current GPS
networks would have to be expanded in order to im-
age transients of a given amplitude and duration. To
simulate a case with low signal-to-noise ratio, we gener-
ated synthetic data for the existing Parkfield continu-
ous GPS and two-color laser networks, as well as yearly
observations of Parkfield area campaign stations using
a transient slip event of the magnitude and duration
inferred by Langbein et al. (1999). For a high signal-
to-noise ratio comparison we also analyzed synthetic
data generated from a transient slip event with moment
equivalent to that of a My, 6 earthquake released over
five years. We find that even in the low signal-to-noise
ratio case it is possible to recover the moment of the
transient event, although the peak transient slip tends
to be underestimated in all cases and the initiation time
of the modeled transient is not always accurate.
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A continuous and densely spaced GPS network has
been installed at Yucca Mountain, southern Nevada, as
part of the BARGEN array. It was funded by the De-
partment of Energy to characterize strain at the pro-
posed nuclear waste repository. Each GPS antenna is
deep-mounted into solid bedrock and atmospheric ef-
fects in the desert climate of the region are relatively
low, making this an ideal network to explore the po-
tential precision of GPS. Due to the importance of ob-
taining an accurate and reliable set of velocity mea-
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surements at Yucca Mountain, two separate groups us-
ing entirely different methods have independently pro-
cessed the GPS data from this network. The UNR
group has utilized JPL’s GIPSY-OASIS II, employing
a precise point positioning technique, whereas the CfA
group has used MIT’s GAMIT software and a double-
differencing approach. Comparison of the two sets of
results for 28 stations and 2.8 years of data has re-
vealed only small differences in horizontal velocity es-
timates, with formal errors for both groups less than
0.17 mm/yr and an RMS of residual velocity differ-
ences of 0.23 mm/yr. The two solutions are consis-
tent with one another at the two sigma level. Relative
horizontal velocities at stations within 40 km of Yucca
Mountain itself are on the order of <0.5 mm/yr, with

a smooth pattern of NNW shear. In order to obtain
negligible differences in results both groups had to ac-
count for coseismic offsets caused by the 1999 Hector
Mine earthquake. It was also necessary to perform am-
biguity resolution in GIPSY. Without ambiguity reso-
lution, the GIPSY results were significantly different
to those produced by GAMIT. The data was processed
in GIPSY on a line-by-line basis, relative to a station
in the center of the Yucca Mountain network, to pro-
duce a regionally-referenced solution free of common
mode signals. It was evident in both solutions that
radome changes produce a measurable effect in the ver-
tical component, giving an apparent vertical swell of
approximately 2 mm/yr in the Yucca Mountain region
if left unaccounted for. With the radome effect re-

moved, vertical velocities within 40 km of Yucca Moun-
tain are minimal, with an RMS of 0.56 mm/yr, which
also suggests a high degree of precision. This study has
not only given us a high degree of confidence in our
estimated velocities for the Yucca Mountain area, but
also indicates a measure of the success of both GIPSY
and GAMIT. We have shown that solutions produced
through these different GPS processing packages, each
containing over 1 million lines of code, can produce
accurate and virtually identical results at the level of
<0.5 mm/yr, and have demonstrated that it is possi-
ble to confidently detect sub-millimeter per year signals
over an approximately 200 km wide area using GPS.
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