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Abstract

Measuring crustal strain and seismic moment accumulation, is crucial for un-
derstanding the growth and distribution of seismic hazards along major fault
systems. Here we develop a methodology to integrate 4.5 years (2015 - 2019.5)
of Sentinel-1 Interferometric 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 dis-
placements into three dimensions by combining the deformation azimuth from
a GNSS-derived interseismic fault model. We then construct strain rate maps
using a smoothing interpolator with constraints from elasticity. The resulting
deformation field reveals a wide array of crustal deformation processes includ-
ing: on- and off-fault secular and transient tectonic deformation; creep rates
on all the major faults; and vertical signals associated with hydrological pro-
cesses. The strain rate maps show significant off-fault components that were
not captured by GNSS-only models. These results are important in assessing
the seismic hazard in the region.

Plain Language Summary

Seismic hazard models rely on accurate measurements of small interseismic mo-
tion over large space on the Earth’s crust. Traditional geodetic models based
on Global Navigation Satellite System (GNSS) data cannot resolve small scale
deforming patterns, mainly due to expensive and limited station deployment.
Interferometric Synthetic Aperture Radar (InSAR) has become the emerging
tool for mapping the surface deformation, with its advantages of low-cost and
full-coverage. Yet InSAR measurement, compared to GNSS, comes with larger
bias from the atmospheric noise, especially over length scales greater than 80
km. Here we combined the two methods to resolve fine spatial scales and achieve
high accuracy. Our results are presented as deformation time-series over the
entire San Andreas fault system. From these deformation time series we have
estimated fault creep rates and strain accumulation. One important finding
is that there is significant off-fault strain, though we suspect they are mainly
due to hydrological processes. These results will advance our knowledge of the
earthquake cycle, strain/moment accumulation, and the associated seismic haz-
ards.

Key points
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• A practical approach is developed to integrate Sentinel-1 InSAR and GNSS
time-series over the entire San Andreas fault system

• The product is used to estimate fault creep and three components of hor-
izontal crustal strain rate which shows notable off-fault portion

• Challenges remain in splitting tectonic and hydrologic sources and whether
hydrologic strain will increase seismic hazards

1. Introduction
An improved understanding of how energy and seismic moment accumulate in
the crust and upper mantle along major plate boundaries is essential for fore-
casting the size and timing of major earthquakes [Smith-Konter & Sandwell,
2009; Field et al., 2015; Weiss et al., 2020; Rollins et al., 2020]. Recent studies
have shown that most damaging earthquakes occur in areas where the crustal
strain rate exceeds 100 nanostrain/yr [e.g., Elliot et al., 2016.; Zeng et al., 2018;
Bayona et al., 2021]. Many of these areas are heavily populated and have had
major destructive earthquakes. Moreover, one of the largest uncertainties in Cal-
ifornia earthquake hazard models (i.e., UCERF-3 [Field et al., 2014; Field et al.,
2015]) is the amount of plate boundary deformation that is accommodated by
off-fault strain and whether this strain is accumulating as elastic or as plastic de-
formation. Therefore, accurate strain rate measurements are needed to improve
earthquake forecasts. Achieving an ideal 100-nanostrain/yr accuracy at a 10-km
resolution (i.e., a typical fault locking depth in California) requires a horizontal
velocity model that has an accuracy of 1 mm/yr. Moreover, moderate earth-
quakes, fault creep, and other transient processes produce temporal variations
in strain rate that commonly exceed 100-nanostrain/yr [Holt and Shcherbenko,
2013; Klein et al., 2019]. Currently continuous GNSS measurements can pro-
vide vector deformation better than the required 1 mm/yr accuracy but not
with 10 km spatial resolution. InSAR provides very high spatial resolution but
cannot achieve the 1 mm/yr accuracy, mainly due to the perturbations from
atmospheric noise [Emardson et al., 2003]. In addition, current InSAR systems
provide only two components of surface deformation and thus cannot uniquely
distinguish between horizontal and vertical strain [Shen and Liu, 2020]. Here we
develop a path to achieving the time-dependent strain rate mapping objective
by combining 4.5 years of measurements from InSAR and GNSS along the San
Andreas fault system (SAFS).

The accuracy and spatial resolution of the current strain rate models derived
from GNSS velocities can be assessed by comparing results from various groups.
An accuracy analysis was performed as part of the developing SCEC Commu-
nity Geodetic Model (CGM-V1) [Sandwell et al., 2016a]. The 17 models were
taken from previous publications [Zeng & Shen, 2016; Shen et al., 2015; Smith-
Konter & Sandwell, 2009; Tong et al., 2014; Tape et al., 2009; Petersen et al.,
2008; Petersen et al., 2014; Platt & Becker, 2010; McCaffrey, 2005; Loveless &
Meade, 2011; Hackl et al., 2009; Parsons, 2006; Parsons et al., 2013; Kreemer et
al., 2014; Flesch et al., 2000; Field et al., 2014; Sandwell & Wessel, 2016]. The
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mean and standard deviation of the 10 “best” well-correlated models is shown
in Fig. 1a. Note the standard deviation (Fig. 1b) commonly exceeds 50 nanos-
train/yr especially above the major faults where the uncertainties can exceed
100 nanostrain/yr. These significant deviations among the models are not due
to inaccuracies in the GNSS data but to the incomplete spatial sampling of the
GNSS stations, which is typically 10-20 km in California [Wei et al., 2010].

To further characterize this lack of spatial resolution of the strain rate field, we
analyzed the strain rate models by computing cross spectra in their overlapping
region in Southern California. Radially-averaged cross spectra were computed
between every pair of models using Generic Mapping Tools (GMT) [Wessel et
al., 2019]. As illustrated in Fig. 1c, there is a large variation in the coherence
between these models. Most models agree well at long wavelengths, but gener-
ally disagree at short wavelengths, except those having very similar, or identical,
fault models like Shen et al. [2015] and Zeng & Shen [2016] or Tong et al. [2014]
and Smith-Konter & Sandwell [2009]. The disagreements are due to different
physical modeling approaches, assumed fault geometries, and slightly different
GNSS velocity data sets. For most pairs, the coherence is high at very long wave-
length and decreases to zero coherence at ~10 km. The 0.2 coherence threshold
of the median of all the cross spectra is located at 30-40 km wavelengths.

Fig. 1. Second invariant of the horizontal strain rates from GNSS models
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[Sandwell et al., 2016a]. a) Average of 10 “best” models based on a spatial cor-
relation analysis. b) Standard deviation of the 10 models. c) Radially-averaged
cross spectra between all pairs of SCEC CGM-V1 strain rate models, performed
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.

2. Methods
Our InSAR/GNSS integration approach is an extension of standard published
methods (e.g., Tong et al., 2013; Weiss et al., 2020) although in addition to
secular velocity, we also calculate line-of-sight (LOS) displacement time series
[e.g., Neely et al., 2019]. The GNSS weekly displacements were derived by means
of a median filter [Klein et al., 2019] of daily time series estimated as part of
a NASA MEaSUREs project [Bock et al., 2016]. Moreover, we use the secular
velocity from a GNSS-only interseismic model [Zeng & Shen, 2017] to create
semi-vertical vector InSAR time series from the LOS displacements. A brief
description of the method follows:

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

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

3. Mask bodies of water and areas of persistent low coherence re-
gions and replace them with nearest-neighbors [Shanker & Ze-
bker, 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 [El-
liott et al., 2008]. Compute the difference between the remaining
InSAR phase and projected GNSS weekly solutions [Klein et al.,
2019], interpolate this difference, filter at 80-km wavelength and
remove this difference 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.
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Since Sentinel-1 TOPS data is acquired under burst acquisition mode and there
is occasional inconsistency in data coverage, especially in the early days of the
mission, the frame boundaries in step 1) are a compromise between spatial cov-
erage and acquisition numbers. The total number of interferograms generated
here is 5230, connecting acquisitions from 910 dates over 9 tracks. Enhanced
spectral diversity [Prats-Iraola et al., 2012] is not performed in step 2, since
it will remove an expected tectonic signal that will eventually supply a third
InSAR component [Li et al., 2021]. The estimated mis-registration could be
up to 2/1000 pixel/yr along SAFS and spread across the scenes, where a con-
stant shift from ESD is inadequate, while the performance of bivariate approach
[Wang et al., 2017] is yet to be evaluated. Moreover, the common scene stack-
ing time series approach (step 5) is capable of mitigating along-track orbital
errors by absorbing burst discontinuities, that are random in time, into atmo-
spheric phase screens [Xu et al., 2017]. The nearest-neighbor interpolation in
step 3) is implemented so phases are allowed to vary properly along very long
coastlines, and stay connected through snowy Sierras and heavy vegetations in
northern California. Elevation dependency in step 4) is assumed as a bivariate
quadratic polynomial thus spatial variations in atmospheric contribution are ac-
counted for. The relatively large, 80-km wavelength filter, that is applied to the
GNSS correction for each interferogram, is sufficient to absorb the large-scale
atmospheric and orbital errors affecting the InSAR displacements and also ac-
commodate areas such as the Central Valley having sparse GNSS coverage. A
remove-restore approach [Tong et al., 2013] using a purely horizontal secular ve-
locity model is not used because it is incompatible with the significant vertical
signal in Central Valley. Not only is this vertical deformation distributed over
hundreds of kilometers, but it also has a sharp transition around the edges of
the sedimentary basins. The interpolation of discrepancies between GNSS and
InSAR is adopted here, taking advantage that though the vertical deformation
changes dramatically over a large area, the differences from the two type of ob-
servations maybe systematic and vary slow enough in space to be well evaluated.
When the final velocity is computed, the first and last four records are not used,
mainly because the atmospheric correction approach gains less constraints when
acquisitions are non-evenly distributed.

3. Analyses, Results and Discussions
Average Velocity

The integrated Sentinel-1 InSAR and GNSS time-series reveal a complex time-
averaged velocity field (Fig. 2, 3) over the entire San Andreas fault system.
The most prominent feature is the large-scale tectonic motion between the two
plates with sharp transitions at creeping strike-slip faults and broader tran-
sitions at more deeply-locked faults. Superimposed on this tectonic pattern
are numerous nontectonic deformations mostly related to hydrological and hy-
drothermal processes. These non-tectonic features are highlighted in the semi-
vertical component (Fig. 2d). Our velocity maps are available as kmz files
(http://topex.ucsd.edu/gmtsar/tar/San_Andreas_Xu_et_al.kmz ) so that
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the user can examine in detail the correlations between vertical deformation and
natural and man-made surface features (See Supplementary Text S1 and Movie
S1 for much more details).
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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 to-
ward the satellite 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 fit. 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 plotted in Fig 4b (black) and
Fig 4c (gray).
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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).
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LOS Time Series

We have compared the integrated InSAR/GNSS LOS time series with the GNSS-
only time series and find both excellent and poor agreements (Table S2). Note
the two time-series will not match exactly as our approach is essentially trust-
ing GNSS at longer wavelengths while InSAR at short wavelengths. Fig. 4b
shows several examples where there is excellent agreement between the InSAR
and GNSS time-series. The typical deviation of GNSS daily solutions from its
moving average is around 3-4 mm, while the integrated InSAR deviates only
slightly larger, around 3-6 mm (Fig. 4a). The vertical component could largely
reproduce this deviation and can be considered as the major source of discrep-
ancy. However, there are a number of cases where the integrated InSAR GNSS
time-series fail to match the GNSS solutions (Fig. 4c). In most cases this is a
direct result of anomalous displacements or artifacts in the GNSS displacement
time series. An extreme example is station p800 in Los Angeles showing system-
atic effects due to the growth of thick vegetation nearly concealing the GNSS
antenna and causing a significant drift in the north direction over a period of
about 2 years (overlapping with the 4.5 years of our time series) until the veg-
etation is cleared in May 2018 (add figure in supplement). Station CRHS also
in Los Angeles and affected by vegetation and whose data after 2006 are sus-
pect and should not be used (personal communication, Chris Walls, UNAVCO
NOTA engineer) – the station was subsequently abandoned. Station CUHS in
the Cuyama Valley is subject to significant subsidence of about 30 mm/yr with
a seasonal signature resulting in non-tectonic horizontal displacements with am-
plitudes up to 30 mm. Station CJMG in the San Gabriel Mountains has annual
horizontal artifacts starting in 2017 with an amplitude of 30 mm (peak to peak).
Another example is station P789 on the San Andreas fault in the transition zone
between locked and creeping section is experiencing uplift since 2013 of about
2.5 mm/yr but not fully sufficient to explain its misfit with InSAR. For the
purpose of this study these GNSS data were not excluded. Rather, we allowed
for discrepancies to exist through the integration, especially when a single sta-
tion shows large mismatch, because the GNSS correction model, applied to each
interferogram, is smoothed with a robust filter that down weighs the anomalous
misfits. Thus, in cases a GNSS station starts to behave anomalously, the InSAR
time-series remain largely unaffected (Fig. 4c). In further studies, we recom-
mend a more conservative approach in choosing stations for the GNSS/InSAR
integration. More assessment and results are available in Table S2 and Fig S1
in the supplements.
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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-series, and red for the semi-vertical component in the integrated In-
SAR & GNSS time-series (horizontal GNSS model removed, comparison made
with GNSS vertical component only). b) Subplots of InSAR and GNSS time se-
ries 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.

Fault Creep Rate

Fault creep rate can be estimated from just two components of LOS deformation
if one assumes there is no fault-normal displacement [Xu et al., 2018]. By making
that assumption we measure fault-parallel and vertical creep rate along each
individual strand within the San Andreas Fault system (Fig. 5, Table S1). The
method, which is similar to the Bufford & Harsh [1980] method, is to fit a linear
model to the LOS data over a flat area on each side of the fault (up to 3 km) and
record the offset of the linear models at the fault location. The along-fault offset
locations have a typical spacing of 10 km and roughly follow the locations from
the study of Tong et al. [2013]. Some areas of fault creep have a velocity step up
to 1 km wide; In these cases, the linear fit is confined to the flatter part of the
LOS data on each side of the fault (e.g., Fig. 5a, at Hayward fault). The fault
creep rates estimated in this study are presented together with a compilation
by Field et al. [2009] (Fig. 5a). Fault vertical differential (Fig. 5b) shows no
systematic pattern along these faults. However, not accounting for the vertical
offset will bias the horizontal offset estimates. A few larger vertical offsets (Fig
5b) are associated with subsidence at fault step-overs.
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Fig. 5. Comparison of creep rate estimates along major segments of the San
Andreas fault system. a) Red circles are right-lateral creep rates from decom-
posing 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 estimates 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 offset features, Geod-small
geodetic array, Mod-inferred from model, Tri-trilateration. The upper left box
shows an example from a descending InSAR track covering Hayward fault, show-
ing how the estimates are performed. b) Fault vertical differential in the creep
rate estimates. Positive is defined as eastern side uplift (northern side up for
Garlock fault).

Velocity Decomposition

In order to compute the horizontal components of strain rate we must first
construct 3 components of surface velocity (east, north and up) from only two
components of LOS velocity. To accomplish this, we adopt the assumption
that the direction of surface displacement matches the direction from the GNSS
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velocity model [Wright et al., 2004; Tymofyeyeva & Fialko, 2018; Shen & Liu,
2020]. This utilizes the local azimuth of a horizontal GNSS velocity predicted
from the interseismic slip model of Zeng & Shen [2017] as a constraint to reduce
the required degrees of freedom in the measurements from three to two. The
decomposed velocity field (Fig. 6) reveals detailed spatial variations in the
east-west component together with dramatic vertical motions. Some of the
variations in horizontal component are associated with hydrological signals (e.g.,
inside Central Valley). Subsidence inside the Central Valley is greater than 30
cm/yr with other areas like Geysers, Heber and Cerro Prieto Geothermal Fields
standing out in the map. Uplifts that occur at ground water recharging sites
(Long Beach, Santa Clara Valley, etc.) are usually a direct reflection of human
activities, some of which cannot be well represented by a single velocity (e.g., Fig
2c., GNSS station SACY). Since the velocity is derived as a linear fit, a positive
rate does not necessarily result from an overall uplift. Due to the near-polar
orbits, InSAR satellites are generally not very sensitive to north-south motion.
Thus, the decomposed north-south component absorbs most of its information
from the GNSS model, resulting in an oversmoothed field.

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

Strain Rate

The 3-D velocity maps derived from the InSAR/GNSS combination have small
spatial scale variations that are associated with hydrological processes and resid-
ual atmospheric error. These models must be smoothed to extract the underly-
ing tectonic strain rate [e.g., Weiss et al., 2020]. This is accomplished by using
a smoothing interpolator that has constraints from elasticity to couple the two
horizontal velocity components [Haines and Holt, 1993] as implemented in the
program gpsgridder in GMT [Sandwell & Wessel, 2016]. We first subsample
both the GNSS and InSAR/GNSS horizontal velocity fields shown in Fig. 6 at
a spacing of 2.5 km resulting in 40,016 2-D velocity estimates. The gpsgridder
algorithm uses singular value decomposition of the elasticity Greens functions
and we select only those associated with the largest 800 eigenvalues. We then
compute the three horizontal strain rate components from the smoothed horizon-
tal velocities. The comparison of the GNSS only and InSAR/GNSS for several
components of strain rate (second invariant, maximum shear and dilatation) are
shown in Fig 7.

The San Andreas fault is well delineated by the concentrated high-strain (>
200 nanostrain/yr). Compared to the prediction of the GNSS-only strain rate
model, the integrated InSAR/GNSS model reveals larger strain concentration,
especially at locations where there is known surface creep (e.g., creeping sec-
tion of SAFS and Hayward fault). Maacama and Bartlett Springs both have
much larger strain concentrations in the InSAR/GNSS model although this
may be a consequence of the assumption that the InSAR deformation is paral-
lel to the GNSS deformation. Dilatational strain predicted by the integrated
InSAR/GNSS model shows extension in the Central Valley associated with the
subsidence from groundwater extraction. The shear component is also larger in
areas of known hydrological signals. There is a prominent shear strain anomaly
in the InSAR/GNSS strain rate maps (Fig. 7e, f) that is to the east of and
parallel to the creeping section. However, there is not enough GNSS data in
the region to determine if this is a real strain-rate anomaly or artifact from the
interpolation approach. Overall, the strain is more widely distributed in the in-
tegrated InSAR/GNSS model, with significant components being off-fault. The
remaining questions are how much of these are from tectonic motion and how
much from hydrological activities, and whether these off-fault components are
steady over time or just transients. Answering these will be the key leading
to accurate assessment of the strain/moment accumulation and the associated
seismic hazards.
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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 extensional principal strain rates respectively, and
they are clipped at 100 nanostrain/yr. b) is same as a) but using decomposed
InSAR+GNSS horizontal velocity components. c) Differences between a) and
b). d) and e) Maximum shear strain rate (defined as max ( ̇𝜀1 − ̇𝜀2) /2, Savage et
al., 2001) maps with f) being their difference. g) and h) Dilatation rate (defined
as ( ̇𝜀1 + ̇𝜀2), Savage et al., 2001) with i) being their difference. In all plots, the
dashed bounding box denotes the area with Sentinel-1 coverage from two look
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directions.

5. Conclusion
The main conclusions are:

• Current strain rate models based only on point GNSS measure-
ments are reliable at longer wavelengths (> 30-40 km) but have
large differences at shorter wavelengths so they cannot achieve
the 100 nanostrain/yr accuracy threshold for assessing seismic
hazard. In addition, there are significant transient deforma-
tion processes (e.g., hydrologic, magmatic, and tectonic) having
strain rate signals that exceed the 100 nanostrain/yr threshold
needed for hazard assessment.

• We developed an approach to integrate Sentinel-1 InSAR and
GNSS time-series (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.

• A video tour of the high-resolution LOS velocity maps reveals a
wide array of deformation processes including: active faults and
stepovers; extraction and recharge of groundwater, petroleum
and geothermal fluids; and continuous expansion of the surface
of dry lake beds (Movie S1, and available at https://www.yout
ube.com/watch?v=SxNLQKmHWpY ).

• The two components of average LOS velocity are used to refine
and update estimates of creep rate along the major strands of
the San Andreas fault system.

• 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.

• The higher spatial resolution vector velocity maps are used to
estimate the three components of horizontal crustal strain rate.
The results show significant off-fault strain, yet challenges re-
main in separating the contribution from tectonic and hydro-
logic sources and whether hydrologic strain will increase seismic
hazards.

• Given the 20-year plus observation plan of the twin Sentinel-
1 satellites, as well as continued GNSS operations, these high
spatial resolution, time-dependent products will continue to im-
prove.
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