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This project is to continue collecting all the campaign GPS data observed in southern 

California, and process/reprocess the data to produce the station position time series. The 

result will be combined with the continuous GPS and InSAR data to produce the joint crustal 

displacement time series for the SCEC CGM project. Because of the Covid-19 pandemic and 

some other problems that we encountered this year, our endeavor suffered from two major 

setbacks, resulting in time delay of production for the project.  

The first major problem we encountered was failure of our computer system used for 

data processing. This occurred during the early stage of the Covid-19 pandemic when the 

UCLA campus was closed, and we could not get help from our system manager to come on 

site for months to diagnose and fix the problem. We then had to purchase a new machine, and 

its acquisition and installation were also delayed due to the campus shutdown.  

The second major problem we had was having to do repeated reruns of solutions to fix 

various problems. The first set of reruns was to recover multiple years of solutions lost in the 

system crash. The second set of reruns was to fix a data processing error caused by the 

GAMIT software change.  In previous versions of the GAMIT software we used the GPS 

site meta information was read from a file which allowed multiple entries of the 

receiver/antenna type and antenna height information associated with different observational 

periods. This format was useful for handling and processing the campaign GPS data with 

multiple entries of meta information for a site with multiple occupations. This data entry 

option however has been changed, and now the code takes in the meta information only from 

the first entry. This change would have no effect for continuous data processing, but would 

cause error for campaign data processing if the meta information for a site with multiple 

surveys is contained in one entry file. This change of data entry format was not noticed until 

late in our data processing, causing us to conduct a lot of extra checks and reruns to fix the 

problem. Despite of all these, we have finally finished the task and produced the campaign 

GPS data time series as planned.  

The works we have done are the follows.  

 Collection of campaign GPS data. We collected campaign GPS data from UNAVCO and 

USGS data archives. We requested data from UNAVCO and obtained all of their 

archived campaign GPS data from southern California observed up to the end of 2019. 

The USGS Menlo Park group has put all of their campaign GPS data at the Berkeley data 

center online, and allowed open access of the data for the community. We downloaded 

all of their campaign data from the website, and discovered thousands of station days of 

new data in the collection, including data observed in the 1990s and 2000s that we did 

not have previously.  

 Campaign GPS data processing. We have processed all the new campaign data using the 

GAMIT/GLOBK software. This includes reprocessing some of the old solutions when 



new data were found in the same day. The campaign data were processed together with 

data of ~20 selected continuous sites located in California and Nevada to align the 

solution with the continuous network. The loosely constrained daily solutions were 

produced, which were subsequently combined with daily solutions of a selected group of 

North America tracking 

sites and another group of 

global reference sites 

using the GLOBK 

software with the full 

variance/covariance 

incorporated, to tie the 

solution to a solid 

reference frame. A total 

of 5776 daily solutions 

were produced spanning 

three decades of time 

from the late 1980s to the 

end of 2019. 

 Production of campaign 

GPS time series. This 

was done in two steps. In 

the first step we selected 

a group of backbone sites, including a group of continuous sites with long observation 

histories, and solved their station displacements in the form of: 

D(t-t0) = D0 + V(t-t0) + Σk Qk H(t-tk) +Σk Pk H(t-tk) Log (1+(t-tk)/T)     (1)        

where V is the velocity, Qk the coseismic or instrumental offset, Pk the postseismic 

displacement, and T the postseismic decay time constant. Solutions for these sites were 

 

Figure 1. North America tracking sites (blue triangles) and California continuous sites (red 

triangles) selected as backbone sites to tie the solution with continuous GPS network 

solutions and to establish the North America reference frame.  

 
Figure 2. Campaign GPS site velocities in southern California 

and its vicinities. Velocities are referenced to the North America 

frame.  



used to establish the reference in the second step, in which all the sites were included. In 

the second step the backbone site positions at each epoch were predicted using their 

estimated displacement parameters, and the reference frame was established by 

conforming 7 

configuration 

parameters 

(translation, rotation, 

and scale) of the 

backbone sites to 

their North America 

model predicted 

values.  

 Production of crustal 

motion solution. We 

also used formula 

(1) to model position 

time series of each 

site. Nine strong 

earthquakes 

occurred in southern 

California during the GPS observation time period, including the 1992 Joshua Tree, 1992 

Landers, 1994 Northridge, 1999 Hector Mine, 2004 San Simeon, 2005 Parkfield, 2010 El 

Mayor-Cucapah, and 2019 Ridgecrest (the fore- and main-shock) earthquakes. Coseismic 

displacements predicted by previous coseismic fault slip models were used to loosely 

constrain the solution, to stabilize the solution for some sites whose data time spans are 

too short to solve for both velocities and coseismic offsets.  

 Release of final products. Two sets of station position time series were produced, one is 

the raw data time series, and the other is the residual time series with all the model 

predicted displacements removed. The product is released at our UCLA website 

(http://scec.ess.ucla.edu/~zshen/cgm/cgm.html), which includes the following files: 

vel.dat: GPS station velocity solution 

coseis_posts.dat: GPS station coseismic and postseismic displacement solution 

ts.dat: GPS station position time series 

ts_res.dat: GPS station position time series with all the model predicted displacements 

removed  

The velocity solution is shown in Fig. 2, and an example of station time series and 

residual time series is shown in Fig. 3.  

In our next step we will work with members of the SCEC CGM group, particularly 

colleagues from MIT, to align the campaign GPS time series with the continuous GPS time 

series, and produce the joint GPS time series to be used for the community.  

 

Resolving 3-dimensional deformation field in southern California using GPS and 

InSAR data (this part of the work was collaborated with Zhen Liu of JPL) 

 
Figure 3. Example of GPS data time series at station Goldstone. This is 

one of the sites with longest observation history. The left panel is the 

position time series referenced to the North America plate, and the right 

panel is the residual time series with all the model predicted 

displacements removed.  

http://scec.ess.ucla.edu/~zshen/cgm/cgm.html


In addition to working on updating the campaign GPS time series, this year we have 

also developed a 3-D GPS/InSAR integration algorithm and applied that to a compilation of 

GPS and InSAR data in southern California. In the algorithm discrete GPS data points were 

interpolated to obtain a 3-dimensional continuous velocity field, which was then combined 

with the InSAR line-of-sight (LOS) velocity data pixel by pixel using the least-squares 

method. Advantages of our method over 

previous approaches are:  

1) The GPS data points are optimally 

interpolated by balancing a trade-off 

between spatial resolution and solution 

stability [Shen et al., 2015].  

2) A new algorithm is developed to 

estimate realistic uncertainties for the 

interpolated GPS velocities, to be used 

as weights for GPS data in GPS-InSAR 

combination. This algorithm includes: 

(a) using differential velocities of 

closely located station pairs to estimate 

the minimum (cut-off) velocity 

uncertainties, and (b) using 

bootstrapping algorithm to estimate the 

scaling factor of the velocity 

uncertainties.  

3) A Jackknife variance estimation approach [Efron and Stein, 1981] is adopted to 

characterize the uncertainties associated with InSAR deformation map, which provides a 

reasonable way to account for uncertainties arisen from lacking or missing dates, uncorrected 

residuals or other noises, and/or the influence of reference pixel and date.  

4) For each selected track of data, the differences between the LOS data input and the LOS 

values projected from GPS velocities are computed at pixels with GPS occupation. A scaling 

factor is then determined based on the RMS of the LOS comparison and the statistically 

averaged LOS uncertainties, and is used to scale the data uncertainties accordingly. 

5) The ramps and/or offsets of the InSAR data are globally estimated for all the images to 

minimize the data misfit, particularly at regions where the data overlaps.  

So far we have applied the developed approach to GPS velocities and InSAR data of 

multiple satellites (Fig. 4). For GPS velocity interpolation, we used velocity solutions of 

continuous GPS sites produced by the MEaSUREs project (ftp://sopac-

ftp.ucsd.edu/pub/timeseries/measures/ats/), and of campaign GPS sites from the SCEC 

Crustal Motion Map version 4 (CMM4) solution [Shen et al., 2011]. For InSAR LOS 

velocities, we processed raw SAR data of multiple satellites (ERS-1,2, Envisat, Sentinel-1, 

ALOS-2 ScanSAR) measured in southern California from 1992-2019 for interferograms. The 

ERS-1,2 and Envisat data were measured from 1992 to 2010 and processed using a modified 

version of JPL/Caltech ROI_PAC software package (ground footprints of InSAR tracks are 

shown in Fig. 4). Both Sentinel-1 TOPS and ALOS-2 ScanSAR data started to acquire data 

since late 2014. We used the InSAR Scientific Computing Environment (ISCE) software to 

generate interferograms. General processing steps included interferometric phase flattening 

Figure 4. Study area in southern California. Black 

curves are active faults and blue squares are GPS sites 

used in this study. The green frames denote InSAR 

ground tracks (ERS & Envisat: D170, D399, D356, 

A349, A120; Sentinel-1: D173, D71; ALOS-2: D165) 

whose data are used. 



using precise orbit, topography phase correction, phase unwrapping, filtering and geocoding. 

See [Shen and Liu, 2020] for details about the InSAR data processing methods.  

Application of this method to GPS and InSAR data from southern California shows its 

capability of successfully restoring 3-D continuous deformation field from spatially limited 

GPS and dimensionally limited InSAR data (Fig. 4). The GPS and InSAR data are generally 

consistent for the horizontal velocities at sub-millimeter per year level. The vertical velocity 

field is determined much better than using GPS data only, especially for regions experiencing 

localized tectonic/anthropogenic deformation. Regions show 3-8 mm/yr subsidence resulted 

from water withdrawal or volcanic deflation are: Brawley Seismic Zone (BS), Coso 

Geotherm site (CG), Imperial Valley (IV), Los Angeles Basin (LAB), Lancaster (LC), Palm 

Springs (PS), San Gabriel Basin (SGB), San Diego (SD), and Searles Lake (SL). The 

southern Sierra Nevada (SSN) is found with 2-4 mm/yr uplift, possibly due to drought. 1-3 

mm/yr uplift is detected across a transect from the northern San Jacinto Mountains to Mojave 

Desert, and in the southern Anza- Borrego Desert (SABD) region near the California-Mexico 

border (Fig. 5). These results have been reported as a poster paper at the 2020 SCEC Annual 

Meeting. An earlier version of the study has been published [Shen and Liu, 2020].   
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Figure 5. Combined GPS and InSAR 3-D velocities. (a) and (b) show the amplitudes of the 

horizontal and vertical components, respectively. Round dots in (b) are GPS vertical 

velocities, which are used in the orbital ramp estimation but not the 3-D velocity solutions.  


