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Abstract

The Permanent GPS Geodetic Array (PGGA) in southern California consists of five
continuously operating stations established to monitor crustal deformation in near real
time. The near real time requirement has been problematic since GPS satellite
ephemerides and predicted earth orientation values (IERS Bulletins A and B) have been
found to be neither sufficiently timely nor accurate to achieve horizontal position
accuracies of several mm on regional scales. Therefore, we have been estimating precise
GPS ephemerides and polar motion since August 1991. An examination of overlapping
24-hour satellite arcs indicates worst-case orbital errors of approximately 0.2 meters in
the radial components, 1 meter in the cross-track components and 2-3 meters in the
along-track components. A comparison with very long baseline interferometry indicates
an accuracy of less than 1 mas in our determination of 24-hour values of pole position.
These products are sufficiently timely and accurate to achieve several mm long-term
horizontal precision in regional scale measurements of crustal deformation in near real
time, as has been demonstrated during the 28 June, 1992 Landers and Big Bear
earthquakes in southern California. The PGGA stations were able to detect seismically
induced, sub-centimeter-level motions with respect to a terrestrial reference frame
defined by the global tracking stations.

INTRODUCTION

The Permanent GPS Geodetic Array (PGGA) [Bock and Shimada, 1990; Lindqwister
et al., 1991; Bock, 1991], established in southern California in the spring of 1990, is a
network of five continuously operating GPS receivers (Fig. 1) providing an uninterrupted
record of crustal motion in near real time. At each site there is a precise P-code GPS
receiver with its antenna mounted on a stable geodetic monument. We have developed
an automated system to collect, analyze and archive data from the PGGA sites. We
monitor data at a 30 second sampling rate to all visible satellites, 24 hours a day, 7 days a
week. Once a day the previous 24 hours of data are automatically collected from each
site; standard GPS processing then provides the site position averaged over the day (0-24h
UTC). The time series of these daily positions provides the standard record of crustal
deformation.

To reduce orbital errors in our station position estimates, we estimate an ephemeris
for each GPS satellite, using data collected by a globally distributed network of about 25
permanent tracking stations (Fig. 1). The global tracking network is usually described by
the acronyms CIGNET and FLINN for Cooperative International GPS Network and
Fiducial Laboratories for an International Natural science Network [Minster et al., 1992],
and more recently by the International GPS Service (IGS) [Beutler, 1992]. In addition,
to achieve near real time solutions, we compute corrections to tabulated predictions of the
orientation of the earth's rotation axis (polar motion) which, if unaccounted for, could
bias California station positions by several centimeters. The worldwide tracking network
defines a global reference frame in which coordinates for the PGGA stations, in
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tectonically active southern California, can be computed with respect to rigid plate
interiors (e.g., the North American plate).

Figure 1: PGGA and global tracking stations used in the Scripps analysis

ANALYSIS

The PGGA and global tracking data are analyzed simultaneously and independently
in twenty-four hour (0-24" UTC) segments using the GAMIT GPS software [King and
Bock, 1992]. The observables used in a weighted least squares adjustment are doubly-
differenced, dual-frequency phase measurements. The parameters estimated include
station positions, single-day orbital arcs described by 6 initial conditions (position and
velocity) and three solar radiation pressure parameters per satellite, one-per-day-per-
station zenith tropospheric parameters, and phase ambiguity parameters for each
independent (but arbitrary) double-difference combination. All parameters are given very
loose constraints in the GAMIT adjustment and the variance-covariance matrix for the
station and orbital parameters is stored in an auxiliary file. The auxiliary files are then
input to the GLOBK software which uses a Kalman filter formulation [Herring er al.,
1991] to estimate a consistent set of station positions and velocities, twenty-four hour
orbital arcs and twenty-four hour polar motion values. The station positions and
velocities (the reference frame) are estimated by forward filtering the twenty-four hour
GAMIT-generated variance-covariance matrices; back filtering then produces the
corresponding orbital arcs and polar motion. No estimate is made of UT1-AT since these
deviations are absorbed into the orbital parameters.

To assess the precision of the twenty-four hour orbital arcs we compare 12 hour
overlap periods between adjacent days. An examination of overlapping 24-hour satellite
arcs indicates orbital errors of approximately 0.2 meters in the radial components, 1 meter
in the cross-track components and 2-3 meters in the along-track components. Fig. 2
shows along-track overlaps for 5 Block I (PRN 6 went out of operation during this
period) and 1 Block II (PRN 2) GPS satellites for the 14-month period between August
15, 1991 to October 21, 1992.
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Figure 2: Along track overlaps for adjacent 24 hours orbital arcs. Each arc is
extrapolated by 12 hours, the corresponding elements are differenced, and an rms
deviation is computed.

The spikes for PRN 2 during the summer of 1992 correspond to weekends when anti-
spoofing (AS) was turned on. Note that the overlap precision improves in time which
corresponds to the growth of the global tracking network from about 12 stations in
August 1991 to 25 stations by the start of the IGS campaign in June 1992. We know that
the orbital precision indicated by the overlap comparison is pessimistic compared to the
actual precision of baselines within PGGA with typical lengths of 100-150 km. The
overlap criterion indicates the precision of orbits extrapolated for a 12 hour period; the
orbital elements within each 24 hour arc should be more precise. Note also that the
overlap precision is computed for each satellite while baseline estimates are generated
from doubly differencing phase measurements between all visible satellites.
Nevertheless, it provides a useful lower-bound statistic for assessing the relative quality
of the orbital arcs and for pointing out satellites with anomalous behavior.

Our uninterrupted daily determination of pole position is plotted in Fig. 3 for the
period 14 August, 1991 to 12 November, 1992. In Fig. 4, we plot the difference between
our pole positions and IERS Bulletin A. Our polar motion estimates have been compared
with VLBI determined pole positions and indicate an accuracy of less than 1 mas in both
components [T.A. Herring, D. McCarthy, M. Feissel, personal communication].
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Figure 3: GPS Polar Motion
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Figure 4: Comparison between GPS and IERS Bulletin A (1992)
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DETECTION OF COSEISMIC DEFORMATION

The Landers earthquake (Mw 7.3, June 28, 1992, 1158 UTC, 34.20°N, 116.44°W),
which was closely followed by the Big Bear earthquake (Mw 6.2 1507 UTC), generated
surface slip of up to 6 meters [Landers Earthquake Response Team, 1992; Kanamori et
al., 1992]; the associated elastic deformation affected all the PGGA sites. The PGGA
sites detected far-field coseismic horizontal displacements ranging between 4 to 46 mm
which were determined by analyzing the daily 24-hour PGGA solutions over a 10 week
period centered on the day of the earthquakes [Bock et al., 1992]. The PGGA sites were
parameterized by two sets of coordinates: pre- and post-earthquake. For the day of the
earthquakes, we computed the station positions separately from the 12 hours of data
directly before the Landers earthquake and from the 9 hours of data after the Big Bear
earthquake. The coseismic displacement of each PGGA site was determined by the
variation in the positions before and after the earthquakes with respect to the global
terrestrial reference frame defined by the positions and velocities of the global tracking
stations (Fig. 1).

The site with the largest coseismic displacement (46 mm) is located at the Pifion Flat
Observatory (PIN1), about 80 km from the seismic rupture zone. The horizontal
coseismic displacement detected at PIN1 with respect to the global reference frame is
shown in Figure 5 relative to the tracking station at Kokee Park (KOKR), Hawaii, more
than 4000 km away The coseismic displacement appears clearly as a step function in the
time series of daily station positions. An independent analysis of the PGGA and global
tracking data by a group at the Jet Propulsion Laboratory yielded very similar coseismic
displacements [Blewitt ez al., 1992].

KOKR to PIN1 (Length 4,320.253 km)
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Figure 5: Horizontal coseismic displacement observed at Pifion Flat Observatory with
respect to the global reference frame, shown with respect to the station at Kokee Park,
Hawaii.
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CONCLUSIONS

We have developed an operational system to produce orbital and earth orientation
products for near real time monitoring of crustal deformation in southern California. The
use of these products in monitoring the 28 June, 1992 Landers and Big Bear earthquakes
by the PGGA indicates that we are able to detect sub-centimeter geophysical signals with
respect to a terrestrial reference frame defined by the coordinates and velocities of a
network of global tracking stations.
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