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Introduction 

California represents a natural laboratory that hosts various Earth interior and surface processes, 
including the San Andreas Fault System, the Central Valley aquifer system, and areas with extensive human 
extraction of natural resources, such as groundwater, hydrocarbons and geothermal fluids. All these 
processes contribute to active surface deformation and may also modulate the seismicity. For example, 
regional hydrological loading has been recognized to contribute to an annual periodicity in earthquake 
activity in California (Amos et al., 2014; Johnson et al., 2017). Groundwater overexploitation led to 
prolonged groundwater depletion and permanent compaction in the San Joaquin Basin, starting in the 1920s 
(Faunt, 2009). The associated changes in fluid storage and pore pressure may modulate the shallow 
deformation and stress fields in the crust and affect the deeper seismogenic zone (e.g., Hu and Bürgmann, 
2020; Carlson et al., 2020). Finally, anthropogenic fluid extraction and injection have been shown to trigger 
earthquakes, including damaging events (e.g., Brodsky and Lajoie, 2013; Goebel et al., 2015; Goebel & 
Shirzaei, 2020; Hough and Bilham, 2018; Hough and Page, 2016). Considering the large size of Southern 
California, systematic mapping and characterization of deformation associated with groundwater basins 
and industrial fields, and improved understanding of their potential impact on seismicity is of importance 
for enhanced earthquake hazard assessment and mitigation, and thus of value for the SCEC community, the 
public, and industry.  

Time-series InSAR products 
European Space Agency launched the Copernicus Sentinel-1A satellite in 2014, followed by the 

Sentinel-1B satellite in 2016. This C-band constellation has started a new era for time-series InSAR data 
processing and analysis with a regular repeat cycle of 6 days from both ascending and descending orbits 
over California. Xu and Sandwell from SIO at UC San Diego produced 2014-2018 time-series ground 
displacement products from GMTSAR analysis of Sentinel-1 collection, including four ascending 
consecutive tracks (T035, T064, T137 and T166) and five consecutive descending tracks (T042, T071, 
T115, T144 and T173) (Fig. 1), where a tectonic model derived from horizontal GPS velocities (Zeng and 
Shen, 2017) has been incorporated. Here we focus on the interseismic data collected before the 2019 
Ridgecrest earthquake sequence, thus avoiding the subsequent postseismic deformation transients currently 
affecting much of southern California (e.g., Xu et al., 2020). The mapped displacements are measured along 
the radar line-of-sight (LOS) which is effectively insensitive to the NS component due to near-polar orbits. 
Building on a considerable body of previous work, we use these products and focus on characterizing the 
long-term rate, as well as the seasonal peak-to-peak amplitude and phase of surface deformation. 



 
Figure 1. California landscape and tectonic setting. Red and purple boxes show the footprint of ascending (T035, T137, 
T064, and T166) and descending (T115, T042, T144, T071, and T173) Sentinel-1 tracks, respectively. Black lines show 
the Quaternary through historic fault traces obtained from USGS/CGS. Red lines show the principal fault zones of the 
San Andreas fault system.  
Methodology to characterize ground deformation 

The variability of spatial, temporal and orientational patterns of deformation from different sources 
provides us an opportunity to sort them out using a sequence of statistical analyses. Spaceborne InSAR 
geodesy is limited by its one-dimensional LOS displacement measurement. On the basis of the polar-orbit 
trajectory, right-looking LOS, and small to moderate incidence angle (e.g., 18.3°-46.8° for Sentinel-1 data 
used in this study), the present spaceborne InSAR measurements are most sensitive to vertical motions for 
both ascending and descending data, are moderately sensitive to EW motions, and have little sensitivity to 
NS motions. Therefore, ascending and descending time-series InSAR results can be combined to identify 
ground targets that present resolvable vertical and EW motions.  

Hydrologically driven displacements, elastic and poroelastic, are generally correlated with the seasonal 
precipitation and water level changes. If the seasonal hydrological deformation is dominated by the vertical 
component, we find the peak signals in the ascending and descending time series are well correlated. This 
approach has been proven feasible in Salt Lake Valley, Utah (Hu and Bürgmann, 2020). Considering that 
the hydroclimatic phenomena in California have one-year periodicity (e.g., precipitation from Western 
Regional Climate Center, NOAA’s National Climatic Data Center and California Data Exchange Center 
groundwater level data, and river discharge from U.S. Geological Survey), the attendant ground 
deformation is dominated by the same annual periodicity. We apply a simple and efficient statistical 
strategy to determine the presence of seasonal features and quantify the peak-to-peak amplitude and phase. 
First, we capture the first-order variation of the non-linear component of the displacement time-series using 
the superposition of multiple independent sinusoidal functions; we found three sinusoidal functions work 
best for our data (Hu et al., 2018). This step is in essence a temporal interpolation, but it emphasizes time-
dependent variations and allows for changes in amplitude and frequency. Second, we consider the targets 
to feature seasonality in displacement, if the non-linear waveform contains 2n±2 peaks plus troughs during 
n-year time span (allows ±2 for bias). The longer the time frame, i.e., larger n, the more robust is the 
determination of seasonality because the ±2 bias will be even less significant compared with 2n. Third, we 
use a one-year period sinusoidal function to determine the best-fit amplitude and phase for the confirmed 



seasonally deforming targets. Fourth, we remove the seasonal component (if any) from the original time 
series and estimate the long-term rates, which are referred to the geographic location of GPS station LUTZ 
in the central San Francisco Bay Area (Long. -121.87°, Lat. 37.29°; e.g., d’Alessio et al., 2005). In the 
traditional characterization of InSAR and GNSS time series, seasonal components are typically modeled 
with sinusoidal functions with periodicity of 1 year (annual) and 0.5 year (semi-annual) along with other 
model terms, e.g., linear, offsets, postseismic (exponential or logarithm) and higher-order polynomials (or 
other functional forms) for episodic transients. Using the sinusoidal functions of time for time-series InSAR 
analysis is not new; however, our method determines the seasonality of the targets rather than treat all 
targets blindly using a sinusoidal function with a fixed annual periodicity. 

Long-term and seasonal characteristics of ground deformation 
Independent acquisitions from ascending and descending orbits can be used to cross-validate the spatial 

distribution of the displacements such as those due to creeping faults and long-term vertical subsidence 
such as in the Central Valley. Creeping faults represent the near-surface aseismic slip of fault planes driven 
by ductile shear in the lower crust and the elastic strain in the upper crust. Referring to the position at the 
plate boundary, the LOS vector of the ascending track points E-NE while that of the descending track points 
W-NW. The Pacific Plate moves toward the satellite in ascending orbit while it moves away from the 
descending satellite; the North American Plate moves away from the ascending satellite while it moves 
toward the descending satellite. The distinct LOS directions from both satellite orbits consistently 
demonstrate the right-lateral strike slip at rates of a few to tens of mm/yr along the SAF (Figs. 2a, b). 

The rates and the driving mechanisms vary segmentally along the same or adjacent seismogenic 
systems in California. The mineral talc in serpentinite rock found along the Hayward fault and central 
creeping segment of SAF has low shear strength and velocity-strengthening frictional properties, and may 
be responsible for the shallow aseismic slip observed on these faults (Moore and Rymer, 2007). On the 
other hand, increased pore pressure in the upper sedimentary layers of the Superstition Hills fault may lead 
to the creep along this fault (Wei et al., 2009). Alternatively, chemical reactions, dilation of dry rocks, 
elevated temperatures, and fault geometry may also function as the drivers to creeping faults (Harris, 2017). 

The intersection between the Garlock Fault and the San Andreas Fault (inset in Fig. 2f) is clearly 
revealed in the seasonal displacement amplitude and timing, especially evident from the descending tracks. 
The phase changes across the faults suggest perturbations of groundwater flow and/or differences of 
hydraulic properties. 

Parts of the San Joaquin Basin in the Central Valley have been experiencing inelastic subsidence when 
the hydraulic head drops below the preconsolidated condition (e.g., Chaussard and Farr, 2019; Ojha et al., 
2018). Here we find no evidence of seasonality in the time-series deformation which may exist but being 
submerged in the overwhelming long-term subsidence (blanks in Figs. 2e, f). The interbedded layers may 
have lost their capability to store and release the water in sync with the cyclic weathers. On the other hand, 
the areas surrounding the subsidence center show relatively large peak-to-peak seasonal amplitude (>~10 
mm), implying poroelastic response of aquifers to seasonal variations in precipitation and groundwater. 
Remarkably, an elongated patch bounding the most rapidly subsiding center in the San Joaquin Basin shows 
similar timing of seasonal surface peaks in ascending and descending results, unlike the surrounding 
marginal aquifers with timing discrepancy. This suggests that there is a horizontal component to the 
seasonal deformation in the marginal areas. The abrupt reduction in subsidence rates and contrasting 
seasonal phase at the western margins of this patch may suggest a distinct aquifer architecture and 
groundwater usage; likely representing the boundaries of the overexploited aquifer with irreversible 
subsidence. The seasonal phase gradients become smooth in individual ascending and descending results, 
as well as their differences, to the east of this patch. Near the edge of the Mojave Desert, the acute angle 
formed by the Garlock Fault and SAF is evident from the seasonal amplitude and phase maps, where it 
contains the Antelope Valley aquifer (Galloway et al., 1998) (Fig. 2). The bedrock southern Sierra Nevada 
in the InSAR-mapped region shows consistent timing of ground surface peaks in the end of October to early 



November from ascending and descending data, suggesting that (1) the seasonal motion is mainly vertical 
and (2) October to November represents the maximum unloading before the arrival of the wet season, 
consistent with GPS-based results (e.g., Amos e al., 2014) (Figs. 2e, f).  

Localized rapid subsidence inferred from ascending and descending LOS rates < -15 mm/yr (Figs. 2a, 
b), smaller in size than that of the inelastic aquifer, can be found in several principal oil and gas production 
fields in Sacramento, Bakersfield, Santa Barbara, and Los Angeles regions, as well as the Imperial Valley 
Geothermal Project on the southeastern shore of the Salton Sea (Jiang and Lohman, 2021). These industrial 
fields do not present clear evidence of seasonal deformation. 

 
Figure 2. Characteristics of time-series displacements measured along Sentinel-1 ascending and descending line-of-
sight (LOS). (a) and (b) 2014-2018 LOS velocity. (c) and (d) LOS peak-to-peak seasonal amplitude. (e) and (f) 
Occurrence of LOS seasonal peak in time of year. (a), (c), and (e) are ascending results (T035, T064, T137, and T166). 
(b), (d), and (f) are descending results (T042, T071, T115, T144, and T173). Black line shows the fault traces. Void 
(white) area at the heart of the Central Valley does not produce seasonal deformation given the predominate rapid 
subsidence. Boxed area in panel f shows the intersection of Garlock Fault and San Andreas Fault (SAF). 
Summary 
This project promotes the CGM products by providing state-wide secular rates and seasonal amplitude 
and phase displacement products associated with tectonic, hydrological, and anthropogenic processes 
across the San Andreas Fault System. This research directly addresses SCEC’s major research priorities 
in Tectonic Geodesy including the development of CGM secular velocities “Produce a self-consistent, 
combined InSAR-GNSS secular velocity data set, including Sentinel-1 InSAR data from multiple viewing 
geometries, and continuous and survey GNSS data” and off-fault deformation “Develop methods for 
constraining the proportion of the southern California deformation budget that is not accommodated by 
the major faults, and its uncertainty”. A 2021 SCEC proposal is submitted to support our continued 
efforts with a focus on employing different ML methodologies in deformation characterization over the 
entire SCEC region. 
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