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Abstract

The Berkeley Seismological Laboratory operates seismic and geodetic stations in the 
San Francisco Bay area and northern California for earthquake and deformation monitoring. 
The seismic systems, part of the Berkeley Digital Seismic Network (BDSN), include strong 
motion and broadband sensors, and 24-bit dataloggers. The data from 20 GPS stations, part 
of the Bay Area Regional Deformation (BARD) network of more than 70 stations in northern 
California, are acquired in real-time.

We have developed methods to acquire GPS data at 12 stations that are collocated with 
the seismic systems using the seismic dataloggers, which have large on-site data buffer and 
storage capabilities, merge it with the seismic data stream in MiniSeed format, and 
continuously stream both data types using reliable frame relay and/or radio modem telemetry.
 Currently, the seismic data are incorporated into the Rapid Earthquake Data Integration 
(REDI) project to provide notification of earthquake magnitude, location, moment tensor, 
and strong motion information for hazard mitigation and emergency response activities.

The geodetic measurements can provide complementary constraints on earthquake 
faulting, including the location and extent of the rupture plane, unambiguous resolution of 
the nodal plane, and distribution of slip on the fault plane, which can be used, for example, to 
refine strong motion shake maps. We are developing methods to rapidly process the geodetic 
data to monitor transient deformation, such as coseismic station displacements, and for 
combining this information with the seismic observations to improve finite-fault 
characterization of large earthquake. The GPS data are currently processed at hourly 
intervals with 2-cm precision in horizontal position, and we are beginning a pilot project in 
the Bay Area in collaboration with the California Spatial Reference Center to do epoch-by-
epoch processing with greater precision.

Combining Real-time Seismic and Geodetic Data to Improve Rapid Earthquake Information  

Seismic Finite-Fault Estimation

The USGS Menlo Park and the UC Berkeley 
Seismological Laboratory operate a 
collaborative earthquake notification system 
in northern California.  The UC Berkeley 
contribution is based on the Rapid 
Earthquake Data Integration (REDI) system 
for the automated determination of 
earthquake parameters using a sparse, 
broadband network.  We have implemented 
this system using data from the Berkeley 
Digital Seismic Network (BDSN), focusing 
on local and regional events in northern and 
central California.  Program development 
was initiated in 1993 and a prototype system 
began providing automatic location and 
magnitude information in November of 
1993 using commercial pagers and the 
Internet [Gee et al., 1996; Gee et al., 2002].  
In 1996, the BSL and the USGS began 
collaboration on a joint notification system 
which merges the programs in Menlo Park 
and Berkeley and combines data from the 
NCSN and BDSN.

The earthquake monitoring system 
routinely locates earthquakes of 
magnitude 2 and higher in 
northern and central California, 
with a lower threshold in the San 
Francisco Bay Area.  For each 
earthquake, processing is 
distributed between a 
Earthworm/Earlybird system in 
Menlo Park and a REDI system in 
Berkeley.  The REDI system at 
Berkeley includes modules for the 
determination of local magnitude, 
ground motions for producing 
ShakeMap, seismic moment 
tensor estimation, and rupture 
parameters.

Seismic and GPS earthquake monitoring sites  in 
northern and central California .  Blue, seismic stations 
(small circles - short period, triangles - strong motion, 
and large circles - broadband) operated by the USGS, 
UC Berkeley, Caltech, and UNR.  Squares, continuous 
GPS stations in the BARD network (green, continuous 
telemetry to the BSL; red, non-continuous telemetry).

REDI processing includes modules to 
estimate of finite-fault or rupture 
parameters using regional seismic data, 
following the methods of Dreger and 
Kaverina [1999; 2000].  In addition to 
the modules for local magnitude, peak-
ground motions, and moment-tensor 
estimation, these modules provide 
constraints on the overall fault 
dimensions and the distribution of slip.  
The first module immediately follows 
the moment tensor processing for 
earthquakes of magnitude 5.5 and 
higher.  Empirical scaling relationships 
are used to constrain the overall 
dimension of the extended source, and 
the two possible planes are tested for a 
range of rupture velocities by 
performing a series of inversions using 
a line-source representation. This stage 
yields preliminary estimates of the 
rupture length, width, rupture velocity, 
dislocation rise time,and probable fault 
plane.  

Schematic diagram of the 
USGS/UC Berkeley earthquake 
notification system.

Schematic diagram of REDI processing 
stages.  Stages 4 and 5 represent the 
seismic determination of finite-fault 
parameters.  The next step in 
development is the addition of geodetic 
data to the finite-fault processing.
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The quantification of a finite rupture is important for emergency response as it may be 
used to identify communities directly affected by the faulting process.  In addition, 
these parameters may be used to predict areas of strong shaking following a major 
earthquake.  A slip map can be used to generate synthetic seismograms on a fixed grid 
in the hypocentral region and processed to yield values of PGA, PGV, and spectral 
acceleration. The predicted values may be combined with observed data and contoured 
to generate maps of strong-ground shaking and fully accounts for an extended rupture.  
 
The REDI system has been modified to produce estimates of ground motions based on 
the determination of rupture parameter and to integrate these estimates in the 
ShakeMap system.  This is particularly useful in areas with limited numbers of strong 
motion stations. 

Bay Area Real-Time Network

Denali Earthquake

    We are collaborating with the local surveying community, the National Geodetic Survey, and 
the California Spatial Reference Center to establish a real-time high-sampling rate continuous 
geodetic network in the Bay Area. This network will provide base stations for real-time 
kinematic (RTK) surveying, enabling a single user to achieve cm-level positioning within 
seconds for geodetic control purposes.

·  Data from the receivers will be collected at 1-
second intervals and telemetered to the BSL.

·  A central processing hub performs data integrity 
checks and converts data to RTCM messages for 
RTK use.

·  RTCM data is streamed back to the user via 
service provider using cell phone technology 
(such as CDPD).

·  The user needs only the GPS receiver and a 
wireless modem to receive the corrections.

·  The real-time 1-second data can also be used for 
rapid estimates of coseismic displacements and 
measurement of strain due to earthquake 
dynamic wave propogation.

Current and planned continuous GPS stations under 
consideration for the BARTN system. The accuracy of 
RTK decreases with baseline length. 5, 10, and 15 km 
radius circles show areal coverage of network. New 
stations will be installed in regions (roman numerals) that 
are more than 15 km from the nearest station.
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The second module uses the best-fitting fault plane and rupture velocity from the line 
source inversion to obtain a more refined image of the fault slip through a full two-
dimensional inversion. Extensive testing with the 1992 Landers, 1994 Northridge, 
and 1999 Hector Mine earthquakes have demonstrated that the line-source inversion 
stage can be run in approximately 4 minutes after the moment tensor is obtained and 
the full planar inversion requires an additional 20-30 minutes, depending on the 
resolution.   

ShakeMap

Real-time GPS Analysis

We have implemented several components 
of a REDI module to estimate finite-fault 
parameters using GPS data from the BARD 
network. Geodetic measurements can 
provide complementary constraints on 
estimates of the earthquake source, including 
the location and extent of the rupture plane, 
unambiguous resolution of the nodal plane, 
and distribution of slip on the fault plane, 
which can be used, for example, to refine 
ShakeMaps. We are developing methods to 
rapidly process the geodetic data to monitor 
transient deformation, such as coseismic 
station displacements, and to combine this 
information with the seismic observations to 
improve finite-fault characterization of large 
earthquakes.

Current (solid lines) and planned (dotted lines) development of real-
time processing in northern California. Seismic finite fault modules I 
and II are fully implemented and integrated with ShakeMap. 
Several components of the geodetic finite-fault module (green) are 
implemented and are currently undergoing evaluation.
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Real-time data telemetry. The data from 20 GPS stations, part of the Bay Area Regional 
Deformation (BARD) network of more than 70 stations in northern California, are acquired 
in real-time using reliable frame relay and/or radio modem telemetry.We have developed 
methods to acquire GPS data at 12 stations that are collocated with the seismic systems 
using the seismic dataloggers, which have large on-site data buffer and storage capabilities, 
merge it with the seismic data stream in MiniSeed format, and continuously stream both 
data types.  Data are currently collected at 30 second intervals. Selected stations in the Bay 
Area will begin collecting at 1 second intervals in 2003 in support of the Bay Area Real-
Time Network being developed for RTK applications.

Rapid data processing. The GPS data 
are binned into 1-hour files and 
automatically processed using 
GAMIT/GLOBK. GAMIT currently 
does not have the ability to resolve 
ambiguities robustly over short data 
spans. A priori site locations are 
constrained at the several cm-level to 
improve ambiguity resolution, providing 
several mm-level repeatability in 
horizontal site positions.

Hourly position estimates for a subset of the BARD continuous 
telemetry stations. Repeatabilities are 2-4 mm in horizontal and 20-40 
mm in vertical. Ocean loading effects have not been removed.

Pre-event processing. In the event of a large earthquake, the REDI system will initiate the 
geodetic finite-fault estimation module. Given the several-mm level precision of the GPS 
observations, displacements due to events with M < 5 will probably not be detected; pre-seismic 
processing is initiated for larger events after the local magnitude has been determined (about 4 
minutes after the event).  The pre-seismic site location estimate is found by averaging the 
previous 24 one-hourly solutions, which is routinely performed as part of the automated hourly 
processing. A conservative prediction of the magnitude of static displacements expected at each 
site is found by evaluating the intermediate-field terms for a point dislocation source. If any site 
may be displaced by more than 1 mm, processing to estimate the coseismic displacements at all 
the sites is initiated.

Co- and Postseismic processing. Currently, estimates of 
postseismic positions are attempted after 10 minutes of 
data become available. Due to the poor ability of GAMIT 
to resolve ambiguities from short data spans, especially 
after the a priori constraints are loosened to accommodate 
large displacements, the positions have high (decimeter-
level) uncertainty. We are testing a relatively new 
component of GAMIT that uses Kalman filtering 
techniques and improved ambiguity resolution methods to 
provide higher-precision kinematic positions. This 
method works well for networks with small interstation 
distances, such as for stations near the M7.1 1999 Hector 
Mine earthquake, which aids ambiguity resolution, but 
has less success on more widely spaced networks, such as 
the continuous GPS stations in the vicinity of the 3 Nov 
2002 M7.9 Denali earthquake.
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Geodetic Finite-Fault Estimation

The real-time GPS analysis being incorporated into the REDI system has several components, 
including methods to collect the data in real-time using robust telemetry, rapid processing of 
the GPS data for site position before and after the earthquake, coseismic displacement 
determination, and finite-fault optimization.

30-sec kinematic positions of site LDES 
relative to a site 87 km away that was less 
displaced by the Hector Mine earthquake. 
Precise offsets are obtained within minutes.

Finite-fault optimization. Estimation of source geometry (fault plane orientation and 
dimensions) from surface displacements requires nonlinear optimization procedures that can 
avoid converging on local rather than the global minimum. We use Monte Carlo techniques, 
such as random cost or simulated annealing, that typically converge on an optimal uniform-slip, 
single rectangular fault model within several minutes for events with good station coverage. 
Such simple models often are sufficient for reliably identifying the orientation of the source and 
providing a compact representation of the source dimensions that can be used as a starting point 
for more complex, variable-slip models in combination with the seismic data.
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We have investigated the source kinematics and dynamics of the rupture 
process of the 3 November 2002 Mw 7.9 Denali, Alaska earthquake. 
Although the observations were not processed in real-time, we present 
some of the results here as an example of how the seismic and geodetic 
observations can be combined.

GPS displacements. Coseismic displacements at  20 continuous 
GPS stations in Alaska and Canada were estimated from 
differences between positions averaged over 10-35 days before 
and 16 days after the earthquake.  Daily estimates of position for the continuous 

GPS station FAIR about 160 km from the 
earthquake epicenter, showing coseismic 
offsets for both M6.7 and M7.9 events. Several-
mm level postseismic deformation is also 
observed at several stations immediately 
following the Denali event.

GPS finite fault. The uniform-slip 
rectangular dislocation is assumed to be 
vertical and intersect the surface. 
Random cost optimization finds a 
compact (15 km deep by 60 km long) 
fault near the central section of the main 
fault segment. Mw is 7.72.  

Observed (black) and predicted coseismic displacements. Green, displacements 
predicted by GPS-derived uniform-slip rectangular dislocation (green line). Red, 
displacements predicted by combined seismic and geodetic model that assumes a 4 
segment fault geometry (red, square is reverse fault). Blue stars, epicenters of the M6.7 
and M7.9 events.

Combined seismic and geodetic finite fault. A variable-slip model 
based on strong motion, surface offsets, and GPS data. Slip is 
fairly shallow and uniform, and concentrated on the central fault 
segment.  

Predicted ground motion models. (top) Preliminary ShakeMap released by USGS and UA 
Fairbanks based on seismic data. (bottom) Forward prediction of peak ground velocity (20 cm/s 
contours). The scalar seismic moment from the inversion of GPS data was applied uniformly to a 
rectangular fault extended to include the hypocenter. 3 km/s constant rupture velocity and 3 
second dislocation rise time were assumed. The peak PGV is 240 cm/s.

For more details, see Dreger et al. poster S72F-1343 at 
the Sunday afternoon Denali session.




