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The goal of this project is to (a) collect all the high precision GPS data observed
from western US 1986-2011, (b) process them uniformly to produce the most accurate
Crustal Motion Map that can be achieved so far, and (c) use the velocity field to deduce
strain rate map and fault slip rate estimates for seismic hazard assessments. The works
which have been accomplished are the following.

Production of Western US Crustal Motion Map

Data collection

We have searched thoroughly the campaign mode GPS (RINEX) data archived at
the UNAVCO, SCEC, NCEDC, and USGS data centers, and obtained all the data we
could by direct ftp and/or requesting.

Procedure of GPS data processing and modeling
We have worked out a final solution for all the campaign mode and continuous data
collected in western US from January 1993 to July 2011. The works include:

(1) Data file sorting, cleaning, and preparation. We screened out the redundant data files
archived at different centers, verified file names and site locations, corrected the mix-
ups, and assigned unique four-letter code names for conflict stations.

(2) GPS daily data processing. We processed all the campaign mode data observed in
western US during the time period 1993-2011 using the GAMIT software (Herring et
al., 2010) and obtained daily solutions. The daily sessions are defined as 0:00 to
24:00 UTC time each day, which may be shifted if campaign surveys were carried out
across day boundaries with total measurements less than 24 hours, from 20 minutes to
a few hours to retain entirety of the data.

(3) GPS solution combination. We combined GPS solutions in two steps. The first step
was to combine daily solutions with SOPAC (http://sopac.ucsd.edu) produced daily
solutions of continuous networks, including the SCIGN, BARD, PENGA, BARGEN,
EBAY, PBO, and IGS global tracking networks using the GLOBK software (Herring
et al., 2010). The second step was to aggregate the combined daily solutions into
monthly combined solutions using the GLOBK software, with solutions within 3-30
consecutive days aggregated together.

(4) Inspection and cleaning of preliminary station time series. The monthly combined
solutions were used to derive station position time series using the QOCA software
(http://gipsy.jpl.nasa.gov/goca), and inspected for outlier detection. Possible causes
of the outliers were investigated, and solutions were rerun if necessary to fix
problems. This process was repeated multiple times until all the significant outlier
problems were fixed and the problem data points were removed.

(5) Production of crustal motion solution. We inverted the monthly combined solutions
(treated as quasi-observations) for station initial positions, velocities, coseismic jumps,
and postseismic displacements (assumed in logarithmic functional form) of strong
earthquakes, through a Karman filtering procedure using the QOCA software. We
retained only stations located within western US, a region defined as 31-50 N, 107-
126 W, plus two dozens of global tracking sites located in North America and its
vicinity. We also filtered out stations whose observational time spans are less than


http://sopac.ucsd.edu/
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two years. We started with about 3700 campaign mode and 1300 continuous sites.
After the filtering the number of stations in the final run is ~3000. The solution was
initially loosely tied to the ITRF2005 reference frame. The final solution was
referenced to the SNARF reference frame realized by constraining network
translation, rotation, and dilatation of 16 fiducial sites to their SNARF model
predicted values (Blewitt et al., 2005).

Problems solved during GPS data processing

(1) Site name conflicts. Since the data are from many local networks and the site names
were assigned by various local surveyors, site names are often in conflicts. It is
common to have data files observed from different sites but share the same site name,
or data files have different site names but were from observations of the same site.
This problem has become more serious in recent years since more global tracking
sites are added, increasing the chances of name conflicts. We have encountered
hundreds of cases of site name conflicts for each year’s of data we processed, and for
each case we checked the site name, renamed it if needed, reran the solution,
inspected and compared the reprocessed coordinates, and determined if the names
were correct or other dates/sites should be redone. Such a process often had to repeat
tens to hundreds of times for each year of data processed.

(2) Lack of site initial coordinates. A properly archived GPS data file (in RINEX format)
should contain a rough site coordinate in the header. Many RINEX files archived at
UNAVCO or USGS, however, lack this piece of information, or have it but with poor
quality, especially for data of early years. Without that the data processing had to be
done through an iterative process for the individual sites, sometimes even required
manual editing of the data. Tens to hundreds of data files in each year were
processed in this way.

(3) Day boundary shift. Sometimes campaign surveys were done for only a few hours
per session and spanned the GMT day boundary. In that case the daily processing
needed to have the day boundary shifted, but how the shift should be done relied on
an evaluation of all the station observation durations in this time period. Hundreds
rounds of inspections and manual editing were done.

(4) Unsynchronized L1/L2 data editing. The early Ashtech receivers had the problem
that the data recordings for the L1/L2 phase measurements were not synchronized,
and a differential of ~45 ms was detected in our southern CA CMM data processing.
Data observed using such receivers therefore needed to be corrected, otherwise it
could produce ~ 3 cm biases to the final solution (Shen et al., 2011). Many of the
early data files, however, do not have proper documentation about the receiver type
used in the survey, identification of the receiver types could therefore only be done by
inspection of the type of actual data entries. Hundreds of data files were inspected
each year 1993-1996.

(5) Super-size global solution aggravation. This solution includes velocities of about
3000 sites, coseismic jumps at about 1500 sites, and postseismic displacements at
about 1200 sites, therefore accounting for a total of about 26000 parameters. To
produce the final solution the computation required that a couple of 26000x26000



matrices to be iterated more than 300 times to go through all the monthly combined
solutions, and the process would take about two weeks to run using the fastest
computer in our lab. We tackled the problem by dividing the aggravation task into
two steps, first producing two separate solutions for two regions, then combining the
two solutions together. The western US was divided into two regions separated at
38N latitude, and two regional solutions were obtained separately. Some regional
and 1GS global sites were kept in both solutions, and used to tie the two solutions
together by rotating the two velocity solutions to a common reference frame and
minimizing velocity postfit residuals at these sites. Such a combination worked well,
the derived velocity field is smooth, and the postfit residuals at the local tie sites of
the two solutions are very small in general.

Task remaining

Although we have processed about 90% of campaign GPS data observed in western
US up to July 2011, we ran out of time to finish reprocessing the early campaign data
1986 to 1992. Incompletion of the data processing would not affect velocity estimates for
most of the sites. It, however, omits the first epoch data for some transect sites in the
northern part of the Pacific Northwest and Inter-mountain West region, resulting in
velocity estimates of the these sites not up to their maxim potential.

Production of western US Crustal Motion Map version 1.0 (WUSCMM1)

The final production of the western US crustal motion map version 1.0 contains
secular velocities of 2604 sites whose horizontal uncertainties are less than 1.5 mm/a, and
about 1500 coseismic and 1200 postseismic displacements induced by eight strong
earthquakes (1992 M7.3 Landers [postseismic only], 1994 M6.7 Northridge, 1999 M7.1
Hector Mine, 2001 M6.8 Nisqually, 2003 M6.6 San Simeon, 2005 M7.2 Offshore
Northern California, 2010 M6.5 Offshore Northern California, and 2010 M7.2 El Mayor-
Cucapah), occurred during the 1993-2011 time period. Fig. 1 shows the horizontal
velocity field referenced to the North America plate, the station velocity values are listed
in Table 1. This product has been delivered to the USGS Seismic Hazard Group for
examination and used in the production of the Unified California Earthquake Rupture
Forecast version 3 (UCERF3) model (Parsons et al., 2013).

Production of Western US Strain Rate Map

We have updated an algorithm of GPS velocity field interpolation, and applied the
method to the WUSCMML1 to produce the Western US strain rate map as shown in
Figure 2. We published a paper to document the interpolation algorithm and its
application to the geodetic velocity field in southern California (Shen et al., 2015). In the
algorithm, at a given site, the horizontal velocity field in its vicinity is approximated by a
bilinear function and represented by rigid block translation, rotation, and strain rates.
Weighted velocity data in the neighborhood are used to estimate the field parameters
through a least-squares inversion procedure. Optimal weightings are prescribed for the
neighboring data, based on their distances to the interpolation site and their spatial
coverage. Nonelastic strains resulted from surface fault rupture and creep may also be



excluded from the solution. Application of this algorithm to derive the strain-rate field in
southern California shows that:

1) distance-dependent weighting can be optimally achieved by employing either a
Gaussian or quadratic decay function, with the former offering a slightly sharper
result than the latter.

2) Spatially dependent weighting is important to improve the interpolation, and can be
achieved by invoking either an azimuthal weighting or a VVoronoi cell areal weighting
function.

3) The strain-rate pattern in southern California is dominated by dextral shear of the San
Andreas fault (SAF) system, and the secondary faults surrounding the Big Bend of
the SAF strike at oblique angles with respect to the maximum shear direction,
suggesting that tectonic deformation field on and off the SAF is dominated by
mechanic processes of the SAF.

Fault Network Modeling of Crustal Deformation in California

The PI has collaborated with Dr. Yuehua Zeng of USGS Golden office, and
developed a fault network model of crustal deformation, and applied the method to
kinematic deformation field in California (Zeng and Shen, 2014). In the method surface
deformation is calculated assuming each fault segment slipping beneath a locking depth.
Each fault segment connects to its adjacent elements with slip vector continuity imposed
at fault nodes or intersections; the degree of the constraints determines whether
deformation is block-like. We apply this model to invert GPS observations for slip rates
on major faults in California with geological rate constraints. Based on the F-test result,
we find that lesser block-like models fit the data significantly better than the strictly
block-like model. Our final inversion shows a slip rate varying from 20 to 23 mm/yr
along the northern San Andreas from the Santa Cruz to the North Coast segment. Slip
rates vary from 9 to 13 mm/yr along the Hayward to the Maacama fault segment, and
from 15 to 3 mm/yr along the central Calaveras to the West Napa fault segment. For the
central California Creeping Zone, the result suggests a depth dependent creep rate with an
average of 22 mm/yr over the top 5 km and 32 mm/yr underneath. From the Mojave to
San Bernardino Mountain segments, we also find a significant decrease in slip rate along
the San Andreas in comparison with the geologic rates, in contrast to a significant
increase in slip rate on faults along the eastern California shear zone. Along the southern
San Andreas, slip rates vary from 21 to 25 mm/yr from the Coachella Valley to Imperial
Valley segments. Slip rates range from 0 to 3 mm/yr across the western Transverse
Ranges faults, which is consistent with the regional crustal thickening. Overall slip rates
derived from geodetic observations correlate strongly with the geologic slip rates
statistically, suggesting high compatibility between geodetic and geologic observations.

Publications resulted from this project

Parsons, T., K. M. Johnson, P. Bird, J. M. Bormann, T. E. Dawson, E. H. Field, W. C.
Hammond, T. A. Herring, R. McCaffrey, Z.-K. Shen, et al., Appendix C:



Deformation models for UCERF3, U.S. Geol. Surv. Open-File Report 2013-1165-C,
and California Geol. Surv. Special Report 228-C, 2013.

Shen, Z.-K., M. Wang, Y. Zeng, and F. Wang, Strain determination using spatially
discrete geodetic data, Bull. Seismol. Soc. Am., 105(4), 2117 - 2127, doi:
10.1785/0120140247, 2015.

Zeng, Y., and Z.-K. Shen, Fault network modeling of crustal deformation in California
constrained using GPS and geologic observations, Tectonophysics, 612-613, 1-14,
2014.
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Figure 1. WUSCMM1 horizontal GPS velocity field w.r.t. the North America plate.
Error ellipses represent 70% confidence.



0 1 2 3 x10®nstrain/a
Figure 2. Second invariant of western US horizontal strain rate field interpolated from
WUSCMM1 velocity field. White line in central California denotes the creeping section
of the SAF, and non-elastic strain across this section of the fault is screened out.



Table 1. WUSCMML1 Station Horizontal Velocities.
Site Longitude

BSRY
CccCC
BEPK
ISLK
LINC
MHCB
PTSG
DHLG
DIAB
LDES
ORMT
CACT
LNCO
PMTN
ARMZ
PABH
BREW
WSLR
KYVW
LEWI
DRAO
NDAP
BCWR
LVMS
WKPK
CTDM
ROCH
CHIL
SKYB
WLSN
CLAR
SGDM
WINT
MRDM
CGDM
RDMT
WOMT
RTHS
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LONG
AZRY
AZU1
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240.
238.
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244.
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243.
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241.
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237.
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T
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3288
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9827
3574
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5672
1849
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9421
9431
0894
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0788
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3750
3814
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Lat
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35.
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33.
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40.
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.014
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ARM1
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GVRS
MLFP
SPMS
PKRD
USGC
GDEC
WNRA
NOCO
LEEP
RHCL
KBRC
MAT2
VYAS
MVED

242.
241.
241.
241.
237.
240.
242.
241.
238.
241.
240.
240.
240.
242.
241.
241.
241.
241.
237.
241.
241.
241.
242.
240.
241.
241.
240.
235.
242.
241.
240.
241.
242.
242.
241.
243.
240.
241.
242.
241.
241.
240.
242.
242.
243.

4744
8118
7545
5886
4737
8587
1929
0896
1348
2455
8156
6466
5161
0983
6031
8268
8727
7916
5524
7361
7800
7927
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6783
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33.
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0552
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0332
4987
0918
2013
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3348
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FMTP
SODB
BILL
WHC1
CNPP
HOLP
LFRS
WMAP
LNMT
RAMT
POMM
SNHS
CSN1
CSST
CCCS
SLAC
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ECFS
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BLSA
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LAPC
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OVLS
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8628
4254
1966
8268
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3572
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0239
9797
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SPK1
VNCO
RCA2
MPWD
NSSS
CRHS
COPR
ST05
LBCH
BKMS
PVRS
TORP
SOMT
DDMN
TOST
PVHS
AOA1
CME1
HBCO
UCSB
PVE3
FVPK
VTIS
CIRX
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SPMX
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FGST
BBDM
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ANA1
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9053
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9357
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7142
1562
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0627
4584
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