
Strain rate mapping along the San Andreas fault system with integrated InSAR and GNSS time-series

I. Abstract
Measuring crustal strain and seismic moment accumulation is crucial for understanding the growth 
and distribution of seismic hazards along major fault systems. In order to do that, it is important to 
acquire an accurate estimate of the present-day and continuous stage of crustal deformation. Here 
we develop a practical approach to integrate the �rst 4.5 years (2015 - 2019.5) of Sentinel-1 Interfero-
metric Synthetic Aperture Radar (InSAR) and continuous Global Navigation Satellite System (GNSS) 
time series to achieve 6 to 12-day sampling of surface displacements at ~500 m spatial resolution 
over the entire San Andreas fault system (SAFS). We decompose the line-of-sight InSAR displace-
ments into three dimensions by combining the deformation azimuth from a GNSS-derived interseis-
mic fault model. We then construct strain rate maps using a smoothing interpolator with constraints 
from elasticity (gpsgridder). The resulting deformation �eld reveals a wide array of crustal deforma-
tion processes including: on- and o�-fault, secular and transient tectonic deformation; creep rates on 
all the major faults; and vertical signals associated with hydrological processes. The strain rate maps 
show signi�cant o�-fault components that were not captured by GNSS-only models. These results 
are important in assessing the seismic hazard in the region, though challenges remain in splitting 
tectonic and hydrologic sources and whether hydrologic strain will increase seismic hazards.

1Institute for Geophysics, University of Texas at Austin, Austin, TX, USA
2Institute of Geophysics and Planetary Physics, 
Scripps Institution of Oceanography, 
University of California San Diego, La Jolla, CA, USA
3Laboratoire de géologie, Ecole normale supérieure. PSL University, Paris, France 

II. GNSS models

 

 
 

Fig.1 Second invariant of the horizontal strain rates from GNSS models [Sandwell et al., 2016a]. a) Av-
erage of 10 “best” models based on a spatial correlation analysis. b) Standard deviation of the 10 
models. c) Radially-averaged cross spectra between all pairs of SCEC CGM-V1 strain rate models, per-
formed in the area denoted by the white box in a). The mean and median of all the spectra have a 0.2 
coherence at wavelengths of 30-40 km. Our objective for accurate strain-rate measurement is to 
maintain at least 0.2 coherence among the models, at a 10 km spacing, when integrated with InSAR. 
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Fig. 2. LOS deformation velocity (descending) along the San Andreas fault system. 
a) Total LOS deformation velocity with red color denoting motion toward the satel-
lite and blue away from the satellite. A second color scale is added to highlight the 
major subsidence in the Central Valley. b) LOS velocity from gpsgridder [Sandwell & 
Wessel, 2016] projected into the LOS (for illustration purposes only). b) Velocity 
variation/uncertainty is the deviation of the time series at each pixel from a linear 
regression �t. The velocity discontinuities between swaths are due to the change in 
look angle. d) Semi-vertical velocity is the LOS with horizontal velocity model [Zeng 
& Shen, 2017] removed. The triangles in d) mark the location of GNSS stations plot-
ted in Fig 4b (black) and Fig 4c (gray). 

Fig. 3. LOS deformation velocity (ascending) along the San Andreas fault system. a) 
Total LOS deformation velocity with red color denoting motion toward the satellite 
and blue away from the satellite. A second color scale is added to highlight the 
major subsidence in the Central Valley. b) Velocity variation/uncertainty derived 
from linear regression on the resulting time-series. c) LOS velocity from gpsgridder 
[Sandwell & Wessel, 2016] projected into the LOS (for illustration purpose only). 

Fig. 4. Comparisons of InSAR LOS time series with GNSS time series projected into 
the LOS. a) Histograms of deviation from GNSS moving average (window 4 weeks). 
Green colors are for GNSS daily solution, blue for integrated InSAR & GNSS time-se-
ries, and red for the semi-vertical component in the integrated InSAR & GNSS 
time-series (horizontal GNSS model removed, comparison made with GNSS verti-
cal component only). b) Subplots of InSAR and GNSS time series at 4 GNSS stations 
showing good agreement after integration. Uncertainties of InSAR time-series are 
standard deviations taken in 500-m boxes. c) Subplots of InSAR and GNSS time 
series at 5 GNSS stations showing poor agreement after integration.
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Fault Creep along SAFS
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Fig. 5. Comparison of creep rate estimates along major segments of the San An-
dreas fault system. a) Red circles are right-lateral creep rates from decomposing 
two-look InSAR LOS estimates into fault parallel horizontal and vertical. Detailed 
estimates for each segment are available in Table S1. A compilation of creep esti-
mates from Field et al. [2009] are also plotted with markers for each individual 
study listed in the upper right box. Survey types are listed as: AA-alignment array, 
CM-creep meter, Cult-cultural o�set features, Geod-small geodetic array, Mod-in-
ferred from model, Tri-trilateration. The upper left box shows an example from a 
descending InSAR track covering Hayward fault, showing how the estimates are 
performed. b) Fault vertical di�erential in the creep rate estimates. Positive is de-
�ned as eastern side uplift (northern side up for Garlock fault). 

Fig 6. Surface vector velocity maps for the San Andreas fault 
system in the ITRF2014 coordinate system. a), b) and c) are the de-
composed east, north and vertical component respectively. d) and 
e) are GNSS horizontal velocity model from Zeng & Shen [2017]. f ) 
are stations distributions, with white triangle denoting campaign 
sites used in the GNSS model and red triangles denoting continu-
ous sites used both in GNSS model and InSAR/GNSS integration. 
Decomposition of InSAR GNSS integrated velocity maps uses infor-
mation of horizontal deformation direction provided by the model 
shown in d) and e). 

Fig. 7. Strain rate maps for San Andreas fault system. a) is the 
second invariant of strain rate derived with gpsgridder using GNSS 
data only. Black and blue bars represent compressional and exten-
sional principal strain rates respectively, and they are clipped at 
100 nanostrain/yr. b) is same as a) but using decomposed In-
SAR+GNSS horizontal velocity components. c) Di�erences be-
tween a) and b). d) and e) Maximum shear strain rate (de�ned as 
max(ε1-ε2 )/2, Savage et al., 2001) maps with f ) being their di�er-
ence. g) and h) Dilatation rate (de�ned as (ε1+ε 2 ), Savage et al., 
2001) with i) being their di�erence. In all plots, the dashed bound-
ing box denotes the area with Sentinel-1 coverage from two look 
directions.

III. Integrated InSAR GNSS time-series

Integration Approcah:
 

1) Gather Sentinel-1 Terrain Observations with Progressive Scans (TOPS) data 
from multiple tracks and re-assemble into common re-de�ned frames, typically 
250 km by 500 km.

2) Geometrically co-register all SAR acquisitions and construct all interferograms 
with perpendicular baseline < 150 m and temporal separation < 90 days [Xu et al., 
2017; Sandwell et al., 2016b].

3) Mask bodies of water and areas of persistent low coherence regions and re-
place them with nearest-neighbors [Shanker & Zebker, 2009]. This step improves 
the phase unwrapping accuracy which is done with Statistical-Cost, Network-Flow 
Algorithm for Phase Unwrapping (SNAPHU) [Chen & Zebker, 2002].

4) Perform elevation dependent atmospheric phase correction [Elliott et al., 
2008]. Compute the di�erence between the remaining InSAR phase and projected 
GNSS weekly solutions [Klein et al., 2019], interpolate this di�erence, �lter at 80-km 
wavelength and remove this di�erence from each interferogram.

5) Construct time-series using a coherence-based SBAS approach integrated with 
atmospheric phase correction using common-scene stacking [Tymofyeyeva & 
Fialko, 2015; Tong & Schimdt, 2016; Xu et al., 2017]
.
6) Subtract a horizontal GNSS velocity model [e.g., Zeng & Shen, 2017] from the 
time-series to create semi-vertical InSAR time-series.

IV. Comparison to GNSS

V. Fault creep estimates along SAFS

VI. Decomposed deformation �eld

VII. Strain rate estimates

VIII. Conclusions
 

1) Current strain rate models based only on point GNSS measurements are reli-
able at longer wavelengths (> 30-40 km) but have large di�erences at shorter 
wavelengths.  In addition, there are signi�cant transient deformation processes  
having high strain rate signals.
 
2) We developed an approach to integrate Sentinel-1 InSAR and GNSS time-se-
ries (4.5 years) over the entire San Andreas fault system from the ascending and 
descending look directions. This analysis was enabled by the frequent, 
high-quality, observations from the Sentinel-1 satellites.

3) The two components of average LOS velocity are used to re�ne and update 
estimates of creep rate along the major strands of the San Andreas fault system.
4) The two LOS components are decomposed into 3-components of velocity by 
assuming the direction of deformation matches those predicted by a GNSS-only 
velocity model.

5) The higher spatial resolution vector velocity maps are used to estimate the 
three components of horizontal crustal strain rate. The results show signi�cant 
o�-fault strain, yet challenges remain in separating the contribution from tec-
tonic and hydrologic sources and whether hydrologic strain will increase seismic 
hazards.  

6) Given the 20-year plus observation plan of the twin Sentinel-1 satellites, as 
well as continued GNSS operations, these high spatial resolution, time-depen-
dent products will continue to improve.Video tour:
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