
   

 
2020 SCEC Final Report 

 
NASA Collaborative Proposal: Crustal Deformation Time Series from InSAR 

and GPS 
 
PRINCIPAL INVESTIGATORS: David Sandwell1 

    Xiaohua Xu1 

Zhen Liu2 
Alejandro Gonzalez-Ortega3 
 

1Scripps Institution of Oceanography, UCSD 
9500 Gilman Drive, La Jolla, CA 92093-0225 
Ph:  858 822-5028 
dsandwell@ucsd.edu 
 
2Jet Propulsion Laboratory 
Pasadena, CA 
zhen.liu@jpl.nasa.gov 
 
3Centro de Investigation Cientifica y Education Superior de Ensenada (CICESE) 
Ensenada, Baja California, Mexico 
aglez@cicese.mx 
 
 
Amount of requested funding: $14,442 SIO, $18,694 NASA JPL, $3,000 CICESE  
 
Proposal Categories: 
3.2.1 A. Data Gathering and Products 
3.2.1 B. Integration and Theory 
3.2.2 A. Collaborative Proposal 
 
SCEC Science Priorities: 
1a, 1b, 2a 
 
Start date:   Feb. 1, 2020 
End date:   Jan. 31, 2021 
 

  



  1 

Abstract 
Two of the top priorities of SCEC5 are (1) to better understand how faults are loaded across temporal and 
spatial scales and (2) to establish the role of off-fault inelastic deformation on strain accumulation, 
dynamic rupture, and radiated seismic energy. Surface crustal velocities and deformation time series are 
one of the key boundary conditions needed for addressing these problems. Several recent studies have 
shown that most damaging earthquakes occur in areas where the crustal strain rate exceeds about 50-100 
nanostrain/yr. Therefore, accurate strain rate measurements are needed to improve earthquake forecasts.  
Our 2020 research was focused in two areas: The first part was to continue to contribute to the  SCEC 
CGM.  This work was done in collaboration with NASA investigator Zhen Liu.  The second aspect of our 
proposed research was  to perform and analyze campaign GPS measurements of the Imperial and Cerro 
Prieto Faults in northern Baja California, MX.  The final report describes what we achieved in these two 
areas. 

 Proposed Research 
Part 1 – Sentinel-1 Time Series  

The first part was to continue to contribute to the  SCEC CGM.  Work was done in collaboration with 
NASA investigator Zhen Liu. The specific tasks are to:  
• Make further comparisons on the correction and computation modules within the two InSAR 

processing software (ISCE and GMTSAR), including ionosphere correction module, multi-aperture 
interferometry module, etc., over multiple sensors (ALOS-2, Sentinel-1).  

• Refine the InSAR time series for the SCEC region using Sentinel-1 data and continuous GPS (cGPS) 
time series (2015 until the present). Two groups, using different software and methods will 
independently construct time series (ISCE – Zhen Liu at JPL; GMTSAR – Xiaohua Xu at SIO). 

• Streamline the time series data delivery system and coordinate with SCEC CGM web site. 
• Automate the entire process on a 6-12-day cadence including: data download; re-frame raw products; 

align the new SLC image to the stack; form interferograms going back ~60 days, align the LOS 
deformation to cGPS data (optional), update displacement time series, and deposit high level products 
at UNAVCO. 

• Participate in the CGM and associated workshops for product feedback and updates. 
• Use results for scientific investigations. 

Part 2 - GPS and Sentinel-1 InSAR Analysis the Cerro Prieto Fault  
The second aspect of our proposed research was to perform and analyze campaign GPS measurements 

of the Imperial and Cerro Prieto Faults in northern Baja California, MX.  Over the past eight years, we have 
deployed and measured two GPS arrays across the Imperial and Cerro Prieto faults; and recently, two 
additional GPS arrays across the Indiviso and Tulecheck faults to better characterize the velocity gradient 
in the region. The proposed 2020 campaign will provide the third estimates of velocity gradient across the 
Tulecheck and Indiviso Faults. 
 
Results from 2020  
Contribution to the Community Geodetic Model - Our main activity in 2020 was to work with the SCEC 
community to further develop a time-dependent geodetic model at 500-m spatial resolution.  A group of 
SCEC investigators from UCB, USGS, JPL, SIO, UCR, and MIT have been meeting bi-weekly to develop 
a consensus InSAR time series from Sentinel-1 data.  The most recent group presentation was at the SCEC 
2020 meeting (https://www.scec.org/meetings/2020/am/poster/181 ).  Some results from that collaboration 
are shown in Figure 1.  During 2020, these 5 groups independently constructed InSAR time series using a 
variety of approaches and periodically compared InSAR results as well as cGNSS data projected into the 
InSAR line of sight (LOS).  Our group objective is to develop best practices for time series construction 
and ultimately average these solutions to achieve a consensus CGM.  The complete SIO analysis is available 



  2 

on line at the following site where one can download mean velocity and uncertainty maps for Google Earth 
as well as InSAR time series complete until 2019.5 http://topex.ucsd.edu/gmtsar/insargen/index.html .  

 
Figure 1: Comparison of 5 InSAR line of sight deformations models in the SCEC region by participants of the CGM.  
(left) Each model uses slightly different processing methods, parameters, and software.  (right) InSAR time series 
(upper plots) and comparisons with cGNSS time series (lower plots) in mm/yr for 5 models at 2 locations. (Note the 
UCR analysis has no temporal smoothing to illustrate the adverse effects of tropospheric noise.) 

Ridgecrest Earthquake InSAR analysis – During 2020 we continued to analyze InSAR data for the 
Ridgecrest Earthquake as well as participate in field surveys of surface cracks.  This has resulted in three 
publications: 
(1) The first study, published in SRL [Xu et al., 2020a], provided maps of co-seismic displacement and 
strain from the 2019 Ridgecrest earthquakes using multiple Sentinel-1 images. We provided three types of 
interferometric products. (1) Standard interferograms from two look directions. (2) Phase gradient maps 
from stacks of co-seismic interferograms provided high-resolution (∼30 m) images of strain concentration 
and surface fracturing that can be used to guide field surveys (Figure 2a). (3) High-pass filtered, stacked, 
unwrapped phase is decomposed into east–west and up–down/south–north components and is used to 
determine the sense of fault slip. The resulting phase gradient maps reveal over 300 surface fractures, 
including triggered slip on the Garlock fault (Figure 2b.). 
(2) In the second study, also published in SRL [Ponti et al., 2020], we contributed field surveys of surface 
cracks based on the phase gradient maps.   
(3) In the third study, recently published in Science [Xu et al., 2020b], we documented and analyzed 
displacements and widths of 169 of the 300 fractures discovered in stacked phase gradient maps. Although 
most fractures are displaced in the direction of the prevailing tectonic stress (prograde - red), a large number 
of them are displaced in the opposite (retrograde - blue) direction. We developed a model to explain the 
existence and behavior of these displacements. A major implication is that much of the prograde tectonic 
strain is accommodated by frictional slip on many preexisting faults while the retrograde fractures represent 
compliant (elastic) deformation of a damaged fault zone in response to the Coulomb stress change from the 
main rupture. 
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GPS Analysis along the Imperial and Cerro Prieto Faults - The second part of our research (past and 
present) is to perform and analyze campaign GPS measurements of the Imperial and Cerro Prieto Faults in 
northern Baja California, MX.  Over the past nine years, we have deployed and measured four GPS arrays 
across the Imperial, Cerro Prieto, Indiviso and Tulecheck faults to better characterize the velocity gradient 
in the region (Figure 4).  
 
The relatively large number of monuments helps us to identify those that have poor performance because 
of soil instability or groundwater level variation. To obtain the GPS position estimates we used 
GAMIT/GLOBK software [Herring et al., 2008]. Site velocities are computed by least squares linear fitting 
to time variation of coordinates for each station and then rotated with respect to Stable North America 
Reference Frame (SNARF) [Blewitt et al., 2005]. Our last survey of the Imperial and Tulecheck arrays in 
March, 2020 just prior to the lockdown of the US/Mexico border due to COVID-19 travel restrictions, 
indicates slip rates estimates of 32.7±0.9 mm/yr for Imperial fault, 28.2±1.2 for Cerro Prieto fault and 
10.2±0.9 for Indiviso fault. These results are in the process of writing manuscript on the strain rate and 

Figure 2: Observations of fractures nearby 
the Ridgecrest earthquake sequence revealed 
by Sentinel-1 radar interferometry. (a) Phase 
gradient map from stacked Sentinel-1 
interferograms revealing ~ 300 surface 
fractures around the Ridgecrest earthquake 
sequence region. (b) These fractures have 
been classified as prograde (red - 109), 
retrograde (blue - 60), and undetermined 
(black - 122) based on high-pass filtered 
(800 m) and decomposed (13) line-of-sight 
deformation maps. (c) Participants in joint 
UCSD/SDSU field survey of a subset of the 
cracks inside green oval  (November 2019).  
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moment accumulation rate in the region. The extension of the CC’ and DD’ arrays to the west and the 
systematic Sentinel-1A and Sentinel-1B image coverage in the region, are leading to improvement in our 
current understanding of fault strike slip acommodation in northern Baja California, MX. 
   

 

  

Figure 3: Survey results from the 2020 field work Mexicali, Mexico. (left) GNSS velocity in northern Baja California 
in SNARF. Black arrows are continuous GNSS data. Blue arrows are GNSS survey mode data. GNSS measurements 
across Indiviso and Tulecheck faults are new sites recently survey during this time project. (right) Fault-parallel 
velocity profile for the northern extended monuments across Imperial and Tulecheck/Michoacan fault. 
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