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Abstract The regions of California and Nevada are shaped by dynamic tectonic and hydrologic processes
that drive significant crustal deformation. In this study we use the method of Shen and Liu (2020), https://doi.
org/10.1029/2019ea001036 to integrate Global Navigation Satellite System (GNSS) and Interferometric
Synthetic Aperture Radar (InSAR) observations to investigate deformation from both tectonic and hydrologic
activities. This method includes interpolating GNSS velocity data into a continuous velocity field, evaluating
uncertainties in GNSS and InSAR measurements, correcting orbital errors in InSAR data, and combining
InSAR Line‐of‐Sight measurements with GNSS data to resolve 3‐D deformation using least squares regression.
We apply this method to three decades of GNSS and InSAR data across California and western Nevada. Key
findings include: (a) Faulting along the San Andreas and Walker Lane fault systems drives dextral shear motions
of 30–40 and 8–12 mm/yr, respectively. Residual deformation, however, is broadly distributed within the fault
systems, particularly in the Walker Lane region, suggesting contributions from ductile flow in the lower crust.
(b) Significant subsidence, caused by drought and excessive groundwater withdrawal, is observed in the San
Joaquin and Sacramento Valleys, at rates of 150–250 and 10–25 mm/yr, respectively. Uplift rebound of 3–
8 mm/yr is observed in the mountains surrounding the San Joaquin Valley. Notable subsidence of 6–14 mm/yr is
also seen along the California coastline, while the Santa Maria Basin and Oxnard Plain experience subsidence of
up to 12–18 mm/yr. (c) Abrupt vertical offsets are observed across various tectonically active faults, suggesting
fault‐modulated hydrological deformation.

Plain Language Summary The regions of California and Nevada are shaped by dynamic
tectonic and hydrologic processes that contribute to significant crustal deformation. Monitoring and
understanding these deformation phenomena are essential for assessing seismic hazards, managing
groundwater resources, and mitigating risks to infrastructure and communities. In this study we use the
method of Shen and Liu (2020), https://doi.org/10.1029/2019ea001036 to integrate GNSS and InSAR
observations to investigate crustal deformation associated with both tectonic and hydrologic activities. We
apply the method to probe crustal deformation across California and western Nevada. Up to three decades
of data are incorporated, and the results reveal: (a) In the plate boundary zone, tectonic deformation is
dominated by faulting around the San Andreas and Walker Lane fault systems. Nevertheless, significant
residual deformation remains and is broadly distributed, particularly across the Walker Lane fault system,
suggesting contribution from ductile flow in the lower crust. (b) Significant subsidence is observed in the
Central Valley, around tens of centimeters annually due to drought and groundwater extraction. Subsidence
of millimeters per year is also seen along the California coastline. (c) Abrupt vertical offsets are observed
across various tectonically active faults, suggesting hydrological deformation modulated by faults acting as
hydraulic barriers.

1. Introduction
California and Nevada are situated within a broad boundary zone between the Pacific and North America plates.
Tectonic activities, such as fault slip and folding along the San Andreas and the Walker Lane fault systems, lead to
elastic and permanent crustal deformation (Bird, 2009; Hamilton & Myers, 1966) (Figure 1). Some of the regions
in the boundary zone also experience significant fluid‐related activities, including oil and gas production,
groundwater extraction for agricultural and urban use, and reservoir impoundment for water storage and flood
control. The interaction between tectonic and fluid processes influences surface deformation, leading to subsi-
dence, uplift, and lateral displacements.
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Precise measurements of crustal deformation in California were initially carried out in the 1960s and 1970s using
the electronic distance ranging technique, with the surveys primarily carried out along the San Andreas fault
system (SAFS) to measure slip rates along sections of the faults (Lisowski et al., 1991). Since the late 1980s,
global navigation satellite system (GNSS) (specifically Global Positioning System (GPS)) networks have been
established across California and Nevada, and the measurements were carried out initially in survey‐mode and
increasingly in continuous mode, to quantify strain accumulation along faults, measure earthquake‐related
deformation, and assess seismic hazards and hydraulic impacts (e.g., Borsa et al., 2014; d'Alessio et al., 2005;
Dixon et al., 2000; Feigl et al., 1993; Hammond et al., 2011; Johnson, 2024; Klein et al., 2019; Kreemer &
Young, 2022; Pollitz et al., 2022; Petersen et al., 2024; Shen et al., 2011).

Writing – review & editing: Z.‐K. Shen,
Z. Liu

Figure 1. Tectonic setting of California and western Nevada. Red lines are geological faults from Hatem, Reitman,
et al. (2022). Abbreviations of fault and location names: BSF, Bartlett Springs fault; BSZ, Brawley Seismic Zone; Carrizo,
Carrizo Plain segment; CF, Calaveras fault; CPF, Cerro Prieto fault; Creep, Central California Creep segment; Coachella,
Coachella Valley segment; DVF, Death Valley fault; GVF, Green Valley fault; HF, Hayward fault; IF, Imperial fault; LHTF,
Lost Hill Thrust fault; MF, Maacama fault; MLF, Mono Lake fault; OVF, Owens Valley fault; PVF, Panamint Valley fault;
SAF, San Andreas fault; SCF, Sierra Cucapah fault; SJF, San Jacinto fault; SNF, Sierra Nevada fault; LA, Los Angeles; OP,
Oxnard Plain; SD, San Diego; SF, San Francisco; SMB, Santa Maria Basin.
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Interferometric Synthetic Aperture Radar (InSAR) techniques provide a complementary method for monitoring
surface deformation across large areas with high spatial resolution. The radar phase difference between acqui-
sitions, called an interferogram, records the change in distance between radar instrument and the Earth's surface
over time. By analyzing the radar interferograms derived from satellite data, InSAR enables the detection of
subtle surface changes associated with tectonic and hydrologic processes. In California and Nevada, InSAR
studies have revealed patterns of tectonic deformation along the SAFS (e.g., Fialko, 2006; Xu et al., 2021), as well
as land subsidence due to groundwater extraction in agricultural regions such as the San Joaquin Valley (SJV)
(e.g., Liu et al., 2019; Neely et al., 2021).

Most crustal deformation studies to date in California and other parts of the world have been using either GPS or
InSAR, although a number of studies have also pioneered to integrate GPS and InSAR data for a more
comprehensive analysis (e.g., Bürgmann et al., 2006; Fang et al., 2024; Tong et al., 2013; Weiss et al., 2020; Xu
et al., 2021; Ward et al., 2021; Yan et al., 2022). GPS and InSAR data complement each other in resolving crustal
deformation. Survey‐mode GPS provides 2‐D horizontal and continuous GPS offers 3–D displacements at dis-
cretized sites while InSAR presents detailed maps of surface displacement, but only in the line‐of‐sight (LOS)
direction. Using data acquired from both ascending and descending satellite orbits enables measurements of two
different directions, but is still not capable of resolving 3–D displacements without additional data integration or
assumptions. Integrated analyses of GNSS and InSAR data facilitate the assessment of 3‐D deformation field with
high‐resolution spatial coverage for the detection of localized deformation features, quantification of strain
accumulation along fault systems, and characterization of hydrologic activities. The approach can help address
some long‐standing scientific questions, such as how are tectonic strains distributed in California and Nevada and
what are the driving mechanisms? How much is the off‐fault strain and how is it distributed? Where is the
accumulated seismic moment distributed along the plate boundary zone? How fast is groundwater depletion in the
Central Valley and where is it distributed? How are the hydraulic activities interacting with the fault systems? The
integrated deformation model presented here aims to address these questions, and as discussed in the results,
reveals new and sometimes unexpected findings with potentially wide‐reaching implications.

2. GNSS and InSAR Data
2.1. GNSS Data

We acquire GNSS velocity data from two primary sources. The first data set is from the velocity solution of
continuous GNSS sites in western United States, produced by the NASA‐Scripps MEaSUREs project (http://
sopac‐csrc.ucsd.edu/index.php/velocities/). These station velocities were derived from measurements of the last
2–3 decades under the ITRF2014 reference frame, and subsequently transformed to the North America reference
frame (Altamimi et al., 2017) (Figures 2 and 3). For each GNSS site the position time series is modeled to
determine initial position, secular velocity, position jumps due to earthquakes or instrumental changes, and
postseismic displacements modeled as exponential or logarithmic functions if affected by major earthquakes
(Bock et al., 2021), and the station secular velocities obtained from the analysis are adopted for this study.

The second data set is from Zeng (2022a), which synthesized campaign and continuous GNSS velocity solutions
from seven sources. These data primarily include processing by the UCLA group of campaign GNSS data in
western US (Shen, 2017) and by the Nevada Geodetic Lab (NGL) of data from the western Nevada network
(http://geodesy.unr.edu/). The velocity solution from the UCLA group was produced following a similar pro-
cedure of Shen et al. (2011). The velocity solution from the NGL was obtained following a different processing
procedure of Blewitt et al. (2016). To ensure consistency, these velocities were rotated to align with the MEa-
SUREs' solution by minimizing the postfit residuals of common sites across solutions. Sites from Zeng's
compilation that overlap or are within 1 km of the MEaSUREs sites are excluded. Unlike the MEaSUREs data set,
the GNSS velocities from Zeng (2022a) include only the horizontal components. We inspected the combined
velocity field and filtered out outliers and sites with horizontal velocity uncertainties greater than 2 mm/yr. We
use GNSS sites located within the region of (32.0°N–42.5°N, 125.0°W–113.5°W) for this study (Figure 2), with
the data set tabulated in Data S1 in Supporting Information S1 (Shen & Liu, 2025) and site velocities illustrated in
Figure 3.
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2.2. InSAR Data

Synthetic Apture Radar (SAR) data from multiple satellite sensors are acquired and processed for this study,
whose ground footprints of tracks cover the region of California and western Nevada (Figure 2). The data include
C‐band ERS/Envisat, Sentinel‐1 (S‐1), and L‐band ALOS‐2 ScanSAR acquisitions. The ERS/Envisat data span
the period of 1992–2010, and the S‐1 and ALOS‐2 ScanSAR sensors have been collecting data in California and
western Nevada since late 2014. The time spans for individual tracks of the satellites are listed in Table S1 in
Supporting Information S1.

The ERS‐1,2 and Envisat data are processed using a modified version of JPL/Caltech ROI_PAC software
package. The InSAR Scientific Computing Environment (ISCE) software is used to process the S‐1 and ALOS‐2
data and generate interferograms (Rosen et al., 2012). General processing steps include interferometric phase
flattening using precise orbit, topography phase correction, phase unwrapping, filtering and geocoding. For the
ERS‐2 data after 2001 that have Doppler issue due to gyroscope failure, we employ a maximum entropy approach
to resolve Doppler ambiguity and identify all usable ERS‐2 interferometric pairs. For Envisat ASAR sensors, we
correct temporally correlated range ramp error due to long‐term local oscillator frequency drift by adopting an
empirical approach (Marinkovic & Larsen, 2013). For ERS and Envisat, orbital ramp error from the same track is

Figure 2. Study area in California and western Nevada. Black curves are active faults, red and blue squares are global
navigation satellite system sites whose 3D and 2D (horizontal only) data are used in this study respectively. The orange,
green, and magenta frames denote the ground footprints of ERS/Envisat, Sentinel‐1, and ALOS‐2 interferometric synthetic
aperture radar tracks whose data are used in this study.
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typically limited to a few acquisitions and small (Fattahi & Amelung, 2014), we correct only affected in-
terferograms through baseline re–estimation with the constraint of a priori GNSS based deformation model. For
S‐1 data, we use a stack processor to co‐register all SAR images to the same reference geometry and employ an
enhanced spectral diversity technique to estimate azimuth misregistration between all SLC images in a stack
sense (Fattahi et al., 2017). For L‐band ALOS‐2 data, we apply a range split‐spectrum approach (Liang &
Fielding, 2017a, 2017b; Liang et al., 2018) to estimate ionosphere phase artifacts and correct them from the
interferograms. We use a variant of the Small Baseline Subset InSAR time series approach to solve for InSAR
LOS time series and mean velocity (e.g., Liu et al., 2019; Sansosti et al., 2010). Thousands of interferograms that
meet spatial and temporal baseline criteria are formed and used in the time series inversion. We incorporate
topography dependent troposphere delay correction, residual DEM error and employ spatiotemporal filtering to
remove high frequency turbulent troposphere noise (Liu et al., 2014, 2019; Samsonov, 2010). The SAR tracks/
frames and time spans not influenced by earthquake induced deformation signals are used in the analysis (see
Table S1 in Supporting Information S1). In the postprocessing stage we adopt a Jackknife variance estimation
approach (Efron & Stein, 1981) to characterize the uncertainties associated with the InSAR deformation map. The
approach 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. All the InSAR LOS data used in this
study are shown in Figure S1 in Supporting Information S1.

3. GNSS and InSAR Data Integration
We extend an algorithm developed by (Shen & Liu, 2020) to integrate the GNSS and InSAR data and derive a 3‐D
velocity field for California and western Nevada. This process consists of four main steps and is described below.

In step one, we interpolate the discrete GNSS velocities into a continuous field with a grid size of 0.02°-
N × 0.02°E, following an optimized approach developed by Shen et al. (2015). We also estimate realistic un-
certainties for the interpolated GNSS velocities, to be used as weights for GNSS data in GNSS and InSAR
combination. The estimation involves: (a) using differential velocities of closely spaced station pairs to set
minimum uncertainty thresholds, which are determined to be 0.4 mm/yr for horizontal and 0.6 mm/yr for vertical
components. (b) Interpolating the GNSS velocities and their uncertainties to create a continuous velocity field,
with a varying degree of smoothing at each site determined by balancing a trade‐off between the spatial resolution
and solution stability (Shen & Liu, 2020; Shen et al., 2015) (Figure S2 in Supporting Information S1). (c) Using

Figure 3. Global navigation satellite system velocity data used, referenced to North American plate. (a) and (b) are for the
horizontal and vertical components, respectively. Three colors used in (a) denote the horizontal velocities at different
amplitude scales. Red and blue arrows in (b) represent the upward and downward velocities.
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bootstrapping algorithm to calibrate interpolated GNSS velocity uncertainties by adjusting the smoothing dis-
tance in the assessment. The estimation is performed in an iteration, each time an apriori smoothing distance
factor is assumed, and used uniformly to evaluate the interpolation velocity and its uncertainty (σa) at each GNSS
site without using data of the site, and a difference (σd) is calculated at the site between the estimated and original
site velocities. Two median uncertainty estimates of all the sites (σam and σdm) are compared, and another iteration
is run with a new apriori smoothing distance, until the two median uncertainties align closely. Range distribution
histograms of σa and σd for the three velocity components show that they are largely comparable (Figure S3 in
Supporting Information S1).

In step two, we use the same grid size of 0.02°N × 0.02°E, and take the average of InSAR data per grid cell for
each track, including the LOS velocity, azimuth angle, look direction, and LOS uncertainty. The binned LOS data
are then compared with GNSS data to determine the scale factors for LOS velocity uncertainties. Specifically, for
each selected track, we take the GNSS data as ground truth, compute differences between the (de‐meaned) LOS
data and GNSS‐projected LOS values at grid cells where GNSS data are available, and use the RMS of differences
to scale the InSAR data uncertainties (Figure S4 in Supporting Information S1). The scaling factors are listed in
Table S2 in Supporting Information S1.

In step three, we estimate offsets and ramps for the InSAR LOS velocities of different tracks, resulting from
residual orbital error and/or atmospheric/ionospheric noise. Since InSAR data provide only LOS measurements,
these offset/ramp parameters need to be estimated together with the 3‐D ground velocities. We use two subsets of
GNSS data at grid points to stabilize this estimate: the first includes all grid points with direct GNSS velocity
observations, while the second consists of decimated grid points with multiple InSAR data entries and interpo-
lated GNSS velocities. This second subset reinforces offset/ramp solutions, especially for tracks with sparse or
uneven GNSS coverage. Decimation by a factor of 20 per dimension (0.4° for 0.02° cell spacing) is sufficient. The
formulation of the modeling procedure is the following: For the ith InSAR track of the jth LOS observations at the
kth gird cell Oijk, we have:

Oijk = Dijk · Vk + Pijk · Ri + εijk (1)

where Vk = (Ve k, Vn k, Vu k)T is the 3‐D velocity components to be solved at the kth grid point on earth (k= 1 to
l), Dijk = (− sinθijkcosαijk, sinθijksinαijk, cosθijk) is the unit vector to project Vk to the LOS direction (i = 1 to m and
j= 1 to n), and θijk and αijk are the incidence angle and athmuth angle of the jth radar beam from the ith satellite to
the kth grid cell. Ri = (R0i, Rei, Rni)T represents the offset/ramp parameters for the ith satellite imagery, and
Pijk = (1, ∆Eijk, ∆Nijk) links the offset/ramp correction terms to the LOS observation, and ∆Eijk and ∆Nijk are the
east and north distance measured between the kth grid cell and the center of the ith satellite imagery. εijk is the
InSAR observation error. The equations in matrix form are:
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where Uk=(Ue k, Un k, Un k)T is the 3‐D GNSS velocity observation data (directly measured or interpolated) at
the kth grid cell, I is a 3 × 3 unit matrix, and εi = (εe i, εn i, εu i)T is the error vector of the GNSS velocities. It
should be noted that a grid cell may have more than one InSAR data points, and in that case multiple corre-
sponding InSAR data are entered in the equations related to that grid cell.

We rewrite Equation 2 in the form of

y = A x + ε, ε ∼ N(0,C) (3)

where C is the variance/covariance matrix of the observables obtained from InSAR data analysis and re‐
evaluation of the interpolated GNSS velocities. The final solution is obtained via least‐squares regression:

x = (ATC− 1A)− 1ATC− 1y (4)

In this solution vertical GNSS data in areas with rapid subsidence from groundwater or oil extraction are
excluded.

In the last step, we remove contributions of offset and ramp components from the InSAR LOS data and solve for
the 3‐D velocity for each grid cell through least squares regression, incorporating interpolated GNSS velocities
and all LOS data within each cell. Adaptive and rescaled GNSS and InSAR data uncertainties are used to weight
the inputs. GNSS vertical data are excluded from the final solution, due to limited capacity in representing sites
with rapid lateral variation in vertical deformation, particularly in areas affected by hydrological activities. For
further details on the integration method please refer to Shen and Liu (2020). The software GIC3D and the so-
lution file package are accessible at Shen and Liu (2025).

4. Results
4.1. Horizontal Deformation Field

Figure 4 illustrates the integrated horizontal amplitude and vertical velocity field for California and western
Nevada, with respect to the North America plate, along with their uncertainties. The east and north velocity
components and their uncertainties are shown in Figure S5 in Supporting Information S1, and Figure 5 displays 3‐
D velocity profiles trending perpendicular to the Pacific‐North America relative plate motion direction, derived
using the euler pole of relative plate motion (49.30°E, 76.01°S) from Kreemer et al. (2014).

We observe a remarkable agreement between the GNSS‐measured and model‐predicted horizontal velocities,
with discrepancies of only 1–2 mm/yr or less across most of the region (Figures 5a and 5b). This agreement is
primarily due to the robust constraint provided by the GNSS data on the horizontal velocity field, which has
uncertainties of less than 2 mm/yr for interpolated components in most of the region (Figure S2b in Supporting
Information S1). Additionally, InSAR data align well with the GNSS results, producing a unified velocity so-
lution with 1–2 mm/yr precision that fills spatial gaps, including those in eastern California, the SJV, and near
numerous active fault segments. Only a small portion of the study area, such as southwest Arizona, the north-
eastern corner of the research area, and two small patches in northern Sacramento Valley and southwestern SJV
exhibits uncertainties reaching up to ∼5 mm/yr. Some regions with slightly larger horizontal velocity un-
certainties, around 2–4 mm/yr, include other patches in the SJV, Sacramento Valley, near the northern California
coast, and the southern Mojave Desert. Elsewhere in California and western Nevada, horizontal velocity un-
certainties are generally 0.5–1.5 mm/yr, offering a detailed and precise deformation field across the region.

Our analysis reveals that horizontal deformation along the plate boundary in California and western Nevada is
broadly distributed, with dextral shear motion observed across the entire region except for southeastern California
(east of the Mojave Shear Zone and Coachella Valley SAF section), and in the SJV and Sacramento Valleys
(Figures 4a and 5a). The SAFS displays the most significant deformation gradient, with rates of ∼40 mm/yr in
southern California (from the Imperial fault [IF] to the Coachella SAF section), ∼35 mm/yr through central
California (from the Mojave SAF section to the Hayward fault [HF]), and∼30 mm/yr in northern California (from
the Roger Creek to Maacama faults). Broad deformation is also noted across the Walker Lane fault system
(WLFS) and the Eastern California Shear Zone (ECSZ), with dextral shear rates of ∼12 mm/yr across the Mojave
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Shear Zone and 8–10 mm/yr across the central and northern Walker Lane (Figures 1, 4a, and 5a). The two fault
systems converge southward into the Transverse Ranges deformation zone around the Big Bend of the SAF, and
northward into the Cascadia deformation zone north of the Sacramento valley.

Normal deformation relative to the plate motion direction is generally small and undetectable in most areas
(Figures 5c and 5d), with some notable exceptions: (a)Approximately 3mm/yr of extension occurs across southern
Mojave Shear Zone, due to deformation around the eastern syntax of the Big Bend of the SAF (profile D–D′,
Figure 5c). (b) About 2–4 mm/yr of shortening across the western Transverse Ranges results from oblique

Figure 4. Integrated 3‐D velocity field of California and western Nevada, with respect to stable North America. (a) and (b) are
amplitudes of the horizontal and vertical velocities, and (c) and (d) are uncertainties of the horizontal and vertical
components, respectively. White lines on faults mark creep segments across which discontinuous deformation is allowed in
model representation. Magenta lines in (a) are locations of profiles along which components of velocity solutions are shown
in Figure 5. White frames in (b) delineate the areas in San Joaquin Valley and Sacramento Valley in which significant
subsidence takes place and the global navigation satellite system vertical data are not used for estimation of Synthetic Apture
Radar orbital ramps and correction of their effects.
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Figure 5.
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convergence around the Big Bend of the SAF (profiles E–E′, F–F′, and G–G′, Figure 5c). (c) Shortening of ∼3–
5 mm/yr is detected across the northern SAFS, possibly related to the clockwise bending of the SAF and under-
thrusting of the Juan de Fuca plate underneath the North America plate to the north (profiles O–O′ to R–R′,
Figure 5d). (d) Convergence rates exceed 10 mm/yr north of the Mendocino triple junction in coastal northern
California, again likely due to the Juan de Fuca plate's thrusting underneath the North American plate (profile S–S′,
Figure 5d). No detectable internal deformation is found in the southern and eastern Mojave Desert, the SJV, and the
Sacramento Valley.

Abrupt shear motion jumps are evident across various creeping faults, including the Coachella, Cholame, central
California creep, San Juan Bautista (SJB), and Santa Cruz Mountains (SCM) sections of the SAF, as well as the
Imperial, Superstition Hills, Calaveras, Bartlett Springs, and Maacama faults (Figures 5a and 5b). When modeling
deformation near creeping faults, we exclude GNSS data points located on the opposite side of the fault relative to
the evaluation point during the interpolation, in order to avoid smoothing out the sharp gradient signals across the
fault (Figure S7 in Supporting Information S1) (Shen & Liu, 2020; Shen et al., 2015). This method allows precise
recovery of the distinct deformation patterns around the creeping fault zones, as illustrated in Figure 4a and
profiles A–A′, J–J′ in Figure 5a and Q–Q′ in Figure 5b.

We estimate fault creep rates by calculating the differential velocity between two cells located on opposite sides of
the fault, with the fault‐occupied cell in the middle. Figure 6 shows the calculated surface creep rates along fault
segments, with the inset figures displaying both along‐strike and vertical components in detail. Transects of
velocity components showing creep across faults are illustrated in Figure S8 in Supporting Information S1.
Significant surface creep is detected along the central California segment of the SAF, where rates reach 23–
27 mm/yr across the creeping section, and up to 20 mm/yr on the southern SJB section of the SAF. Other faults,
such as the Imperial and Calaveras faults and the northern SJB section of the SAF, exhibit creep rates exceeding
10 mm/yr. Vertical creep rates are more scattered than horizontal creep, with most segments showing less than
5 mm/yr of vertical movement. Additionally, the majority of vertical creep segments show an uplift on the west
side relative to the east.

4.2. Vertical Deformation Field

Figure 4b presents the vertical velocity field solution for California and western Nevada. Unlike the horizontal
velocity field, where GNSS data are used in the final step, the vertical velocity solution relies primarily on InSAR
data, with the horizontal components constrained jointly by the InSAR data and GNSS horizontal measurements.
The exclusion of GNSS vertical data is due to the higher variability and scatter in vertical GNSS measurements,
which are more affected by surface and subsurface mass changes linked to non‐tectonic processes, such as hy-
drological variations (e.g., Adams et al., 2022; Argus et al., 2017; Fu et al., 2015; Martens et al., 2024), which are
more localized and affected more by temporal variations than for horizontal deformation.

Overall, the vertical solution uncertainties are larger than those of the horizontal components, ranging from
1 mm/yr to as much as 7 mm/yr (Figure 4d). They also exceed the uncertainties in the GNSS‐only vertical solution
(Figure S2d in Supporting Information S1). The GNSS vertical solution was derived using data that excluded
signals influenced by non‐tectonic processes, such as hydraulic circulation. As a result, its smaller amplitudes and
uncertainties do not capture the full spectrum of vertical deformation, which is better represented in the integrated
solution. The distribution of uncertainties in the vertical field also shows distinct spatial patterns. TheMojave Shear
Zone, with a low uncertainty of about ∼1 mm/yr, is the best resolved area for vertical deformation. This high‐
resolution result is partly due to the extensive InSAR data set for the region, starting from ERS observations in
1992. Other well‐resolved regions include southern California, from the Los Angeles Basin to the southern SAF

Figure 5. 3‐D velocity components along profiles which are normal to the Pacific‐North America relative plate motion direction. Locations of the profiles are shown in
Figure 4a. (a, b), (c, d), and (e, f) are horizontal components parallel (NW motion positive) and normal (NE motion positive) to the relative plate motion, and vertical
component, respectively. Red squares are global navigation satellite system (GNSS) data located within a 0.5° bin centered at the profile, and blue curves are velocity
components of the integrated velocity solution. Locations of the GNSS sites for the profiles are shown in Figure S6 in Supporting Information S1. Error bars represent 1‐
standard deviation (STD). Orange bars mark locations of active faults, whose abbreviations are: BF, Banning fault; BSF, Bartlett Springs fault; BWF, Black Water fault;
CF, Calaveras fault; CRF, Camp Rock fault; DVF, Death Valley fault; GVF, Green Valley fault; HF, Hayward fault; IF, Imperial fault; LF, Landers fault; MF, Maacama
fault; MLF, Moro Lake fault; OVF, Owens Valley fault; PVF, Panamint Valley fault; RCF, Rogers Creek fault; SAF‐Ca, Carrizo Plain segment of SAF; SAF‐Co,
Coachella Valley segment of SAF; SAF‐Cr, creeping segment of SAF in central California; SAF‐M, Mojave segment of SAF; SAF‐SCM, Santa Cruz Mountains
segment of SAF; SAF‐SJB; San Juan Bautista segment of SAF; SJF, San Jacinto fault.
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system,where nearly two decades of InSARdata suffice solutionwith vertical uncertainties of around∼1.5mm/yr.
Vertical deformation is also resolved to ∼1.5–2.0 mm/yr near Pyramid Lake in northwest Nevada and along the
WLFS. In central and northern California, vertical velocity uncertainties range from 2 to 5 mm/yr, with the highest
uncertainties (∼7 mm/yr) found east of the Lost Hills Thrust in the SJV. Peripheral regions, particularly the
northeast, northwest, and southeast corners of the study area, show elevated uncertainties up to 7 mm/yr, likely due
to boundary effects in the interpolation. In the subsequent discussion, we will focus on solutions with uncertainties
of ∼2 mm/yr or less, or regions where the deformation amplitudes are significantly above their uncertainty levels,
to ensure reliable interpretation.

The most prominent vertical deformation in California is the massive subsidence in the SJV, which is greater than
10 mm/yr for most part of the valley. The largest subsidence is located at two “bullseye” areas between 36.8°N–
37.2°N and 35.8°N–36.4°N, with the subsidence rate reaching 150–250 mm/yr (Figure 7d). Another area with up
to 40 mm/yr subsidence is located at the southern end of the SJV, north of the White Wolf fault (WWF) and
southwest of Bakersfield (Figure 7b). The Sacramento Valley also shows substantial subsidence, with more than
half of the region subsiding at rates between 10 and 25 mm/yr, particularly in the western valley (Figure 7a). A
similar deformation pattern is detected in the Sacramento Delta region, where up to 25 mm/yr of subsidence is

Figure 6. Solution of fault surface creep. The main figure shows map‐view of the along‐strike component of creep on fault,
and the inset figures illustrate the observed and modeled creep on fault segments: the red and green symbols denote the
modeled along‐strike and vertical components (dextral and west‐up positive), and the blue symbol denotes the observed
fault‐parallel component, respectively. Fault segment name abbreviations: SJB, San Juan Bautista; SCM, Santa Cruz
Mountains.
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observed in the eastern part of the Sacramento Delta and around Suisun Bay in the San Francisco Estuary region
(Figure 7a).

Considerable subsidence of 6–14 mm/yr is seen at California coastal areas, from Point Reyes (6–10 mm/yr) and
Half Moon Bay (6–12 mm/yr) in northern California (Figure 7a and Figure S9 in Supporting Information S1), to

Figure 7. Blow‐up view of integrated vertical velocity field in selected regions. (a) Sacramento Valley and San Francisco Bay
area. (b) Central coast and Coastal Ranges region. (c) Southeast California region. (d) San Joaquin Valley (SJV) region. Note
b and d are largely overlapped due to the spatial closeness of coastal ranges and SJV. Transects across faults are plotted
across faults with abrupt offsets: A–A′ and B–B′ across the NGVF in panel (a), C–C′ and D–D′ across the Peninsula segment
of the SAF in panel (a), and E–E′ and F–F′ across the LHTF in panel (d), with profile velocity data shown in Figure S10 in
Supporting Information S1. Fault and place name abbreviations: BSZ, Brawley Seismic Zone; CF, Calaveras fault; CF‐SJB,
San Juan Bautista section of CF; CPF, Cerro Prieto fault; EF, Elsinore fault; GF, Garlock fault; HCF, Hunter Creek fault; HF,
Hayward fault; HoF, Hosgri fault; IF, Imperial fault; LHTF, Lost Hill Thrust fault; MF, Maacama fault; MVSF, Monte Vista‐
Shannon fault; NGVF, Northern Great Valley fault; SAF, San Andreas fault; SAF‐SJB, San Juan Bautista section of SAF;
SCrF, Silver Creek fault; SCuF, Sierra Cucapah fault; SJF, San Jacinto fault; WWF, White Wolf fault.
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San Diego‐Tijuana region (2–6 mm/yr) in southern California (Figure 7c and
Figure S9 in Supporting Information S1). The highest coastal subsidence rate
(8–14 mm/yr) occurs in the Oxnard Plain (OP) (Figure 7b and Figure S9 in
Supporting Information S1). The subsidence features are spatially variable
and localized. Subsidence of up to 12–18 mm/yr is observed in the Santa
Maria basin and Oxnard plain (Figure 7b), and up to 10–25 mm/yr in the
region around the southern Imperial and Cerro Prieto faults (Figure 7c).

In contrast with the strong subsidence within the SJV, consistent uplift is
also observed surrounding the valley. About 3–5 mm/yr uplift is seen along
the west and southwest foothills of the Sierra Nevada Mountains bordering
the SJV (Figure 7b). West of the SJV 3–8 mm/yr uplift occurs within parts of
the southern Coast Ranges, bounded by the SAF to the west and the Lost
Hill‐Coalinga thrust fault to the east. The most significant uplift, reaching up
to 20 mm/yr, occurs along the western rim of the SJV and east of the Lost
Hills Thrust, in a narrow band approximately 20 km wide between
∼120.5°–120.0°W longitude and 36.1°–36.6°N latitude. Uplift rates of up to
∼10 mm/yr are observed at dry lakebeds, including Bristol, Cadiz, and
Danby Lakes in the southeastern Mojave Desert, though the precise cause
remains uncertain (Figure 7c).

A noticeable deformation feature is the distinct vertical offset observed across
tectonically active faults. For instance, there is a∼4mm/yr across theHayward
fault (HF), and 1–5 mm/yr across the central section of the Calaveras Fault
(CF) (Figure 7a and Figure S8 in Supporting Information S1). Additionally,
there are vertical offsets of 5–15 mm/yr across the Peninsula segment of the
SAF in the San Francisco Bay area (Figure 7a and Figure S10 in Supporting
Information S1), 5–15 mm/yr across the Lost Hills Thrust Fault (LHTF)
(Figure 7d and Figure S10 in Supporting Information S1), and 5–20 mm/yr
offset across part of the Northern Great Valley Fault (NGVF) west of the
Sacramento Valley (Figure 7a and Figure S10 in Supporting Information S1).

4.3. Horizontal Strain Rates

Using the horizontal velocity solution, we compute strain rates by interpolating velocities using the VISR pro-
gram (Shen & Liu, 2025). Spatial smoothing with a distance constant of 5 km is applied to reduce the impact of
short‐wavelength and non‐tectonic noise (a couple of kilometers in scale) in InSAR data, associated with the
residual atmospheric and ionospheric effects. Figure 8 presents the maximum horizontal shear strain rates. The
second invariant of strain rates and the dilatation rates are shown in Figure S11 in Supporting Information S1. The
second invariant of strain rates is defined as τ2nd= (τee

2+ τnn
2+ 2 τen

2)1/2, where τee and τnn are the east and north
normal strain rates, and τen represents east‐north shear strain rate.

High shear strain rates are concentrated along the SAFS, with notable variations across its segments. From the
Coachella to Cholame segments in southern California, the deformation is broadly distributed, with strain rates
peaking at approximately 0.15–0.25 μrad/yr. Similarly, in northern California, broad deformation is observed
from the HF to the MF, reaching peak strain rates of ∼0.30–0.35 μrad/yr near the MF. In contrast, the SJB and
SCM segments of the SAF, as well as the CF, exhibit more localized strain accumulation, with rates up to 0.4–
0.6 μrad/yr. Elevated strain rates are also observed along the southernmost SAFS, particularly across the Brawley
Seismic Zone (BSZ) and the Imperial and Cerro Prieto faults, with rates reaching 0.4–0.6 μrad/yr. In central
California, little strain accumulation is observed across the creeping segment of the SAF, as strains due to surface
creep are excluded from our analysis. The reported strain rates reflect only the elastic component of deformation
and can therefore be directly applied in seismic hazard assessments. Strain rates of 0.05–0.10 μrad/yr are recorded
across segments of the ECSZ, with peaks reaching up to 0.15 μrad/yr in the southern Mojave Shear Zone. These
elevated rates may reflect long‐term postseismic deformation following the 1992 Landers and 1999 Hector Mine
earthquakes (Liu et al., 2021). A localized zone of high strain rate concentration along the eastern boundary of the
study area in southern Nevada could possibly be explained by limitations in InSAR data quality and increased

Figure 8. Maximum horizontal shear strain rates derived from integrated
velocity solution. LA, Los Angeles; OP, Oxnard Plain; SD, San Diego; SF,
San Francisco; SMB, Santa Maria Basin; SAF, San Andreas fault.
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solution uncertainty, as shown in Figure 4c. Additionally, the bullseye deformation feature in the center of the
SJV near∼120.3°W, 37°N (Figure 8) may be attributed to 3‐D bending associated with extreme subsidence at that
location.

To further investigate the deformation field, we decompose the strain rate field into three components, namely the
shear parallel to, normal parallel to, and normal perpendicular to the Pacific‐North America relative plate motion
direction. The result shows that: (a) The largest magnitude of strain rates is in the shear parallel component (Figure
S12a in Supporting Information S1, as expected), and primarily concentrated along the SAF system, mirroring the
total strain rate distribution seen in Figure 8. (b) The normal parallel component (Figure S12b in Supporting
Information S1) demonstrates 0.10–0.15 μstrain/yr convergence around Big Bend of the SAF, particularly in the
vicinity of WWF, San Gabriel Mountains, and Ventura Basin. Dextral motion around the bifurcation of the SAF
near SJB results in up to 0.25 μstrain/yr contraction south of the SCM branch of the SAF and extension south-
east of the CF, respectively. Extension up to 0.3 μstrain/yr is also observed within the right‐step fault zone between
the Cerro Prieto and Imperial faults, close to the California‐Mexico border. (c) Deformation rate in the direction
normal to relative plate motion is low in general (Figure S12c in Supporting Information S1). The right‐step fault
zone between the Cerro Prieto and Imperial faults is however experiencing NE‐SW contraction at a rate up to 0.3
μstrain/yr, along with NW‐SE extension, possibly due to volume conservation. A similar pattern is found in
the right‐step fault zone between the SJB section of the SAF and the CF, with a strain rate ∼0.15 μstrain/yr. The
LHTF zone is experiencing a NE‐SW convergence at a rate of ∼0.05–0.1 μstrain/yr. About 0.1–0.2 μstrain
convergence is also seen near Mendocino, possibly influenced by eastward bending of the SAF and convergence
between the southern section of the Juan De Fuca plate and North America plate.

More smoothed deformation pattern over a larger scale (∼100 km) can be visualized in Figure S13 in Supporting
Information S1, which shows the strain rate result interpolated using a smoothing constraint of 20 km. It reveals
subtler deformation signals, such as 0.01–0.04 micro‐strain/yr northwest‐southeast extension in across the central
and northern Walker Lane, which is consistent with a geological discovery of normal faulting on the north‐
trending and basin‐bound faults in the basin and range system (Wesnousky et al., 2012).

The central valley and southeast California remain relatively stable with respect to the North America plate, with
rotation rates ≤0.01 micro‐radian/yr (Figures S12d and S13d in Supporting Information S1). Along most sections
of the SAF, rotation rates of 0.2–0.3 μradian/yr correspond to interseismic dextral shear motion. However,
rotation intensifies to 0.4–0.6 μradian/yr near the Mendocino triple junction and from the BSZ to CPF, suggesting
rapid local rigid‐body rotation (Figure S12d in Supporting Information S1).

5. Discussions
5.1. Method Used for GNSS Data Interpolation and Uncertainty Estimation

GNSS and InSAR are two fundamentally different tools for measuring crustal deformation, yet they are highly
complementary. However, there is no universally accepted method for recovering a continuous 3D deformation
field from these data, and various approaches have been developed to address this challenge. These methods
generally fall into two categories, one is about interpolating the discrete GNSS velocity field into a continuous 3D
velocity and strain‐rate field, and the other is about integrating GNSS and InSAR data to produce a solution with
higher precision and spatial resolution than either data set alone. In the following, we describe the unique aspects
of our approach compared to those used in previous studies.

Some of the previous interpolation methods model the GNSS velocity field using basic functions such as
polynomials or splines (e.g., Haines & Holt, 1993; Hackl et al., 2009; Tape et al., 2009). Other approaches apply
elasticity theory (e.g., Haines et al., 2015; Noda & Matsu'ura, 2010; Sandwell & Wessel, 2016), where a concept
of elastic tension is introduced to balance resolution robustness with goodness‐of‐fit. Additionally, linear
interpolation methods based on spatial covariance functions have also been developed (e.g., El‐Fiky &
Kato, 1998; Shen et al., 1996; Goudarzi et al., 2015). While these methods have distinct merits, they also have
limitations. Their outcomes often depend heavily on a priori assumptions—such as the polynomial degree, spline
scale, or smoothness constraints in spatial covariance functions. Another concern is the uniform treatment of data,
without accounting for the variable spatial resolution arising from the uneven distribution of GNSS stations.

More recent approaches aim to better accommodate uneven station spacing. Shen et al. (2015) improved upon
their earlier method (Shen et al., 1996) by implementing a spatially varying kernel in the covariance function that
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reflects local station density. Kreemer et al. (2018) introduced the Median Estimation of Local Deformation
(MELD) method, which uses a weighted median of least squares estimates. Pagani et al. (2021) developed a trans‐
dimensional Bayesian method that regularizes strain‐rate inversion by accounting for grid‐spacing uncertainty.
Johnson (2024) proposed a variation of the elasticity‐based inversion method that uses a triangular mesh with
node spacing proportional to GNSS station density. These newer methods provide improved spatial resolution,
particularly in regions with irregular station spacing. However, they still rely on certain a priori parameters, which
can influence both the results and the uncertainty estimates.

A key distinction of our approach is the rigorous and consistent treatment of GNSS data and interpolation un-
certainties throughout the entire process, which is critical for unbiased integration with InSAR data. This begins
with re‐evaluating GNSS velocity uncertainties. Estimating GNSS velocity uncertainty is notoriously difficult
due to spatial and temporal correlations in the data (Santamaría‐Gómez et al., 2011). Furthermore, uncertainties
derived from time series at individual stations may not fully represent the total uncertainty in site deformation, as
they do not capture epistemic uncertainties related to environmental or non‐tectonic influences (Shen et al., 2011).
For example, some continuous stations in our data set report horizontal velocity uncertainties as low as 0.1 mm/yr
—an underestimate if non‐tectonic deformation sources are considered.

To address this, we analyze differential velocities of closely spaced station pairs to define minimum uncertainty
thresholds. Our composite data set includes dozens of such collocated station pairs, enabling robust statistical
analysis. Based on this, we set cutoff uncertainty values at 0.4 mm/yr for horizontal and 0.6 mm/yr for vertical
components respectively.

Another consideration is uncertainty estimation of interpolated velocities which is related to the smoothing factor
used during interpolation. In this study, a uniform smoothing factor is used for estimating uncertainties, which is
different from using a variable smoothing factor to derive the velocity field. This strategy helps prevent bias arised
from using inconsistent a priori information during the process. To determine the optimal smoothing factor, we
employ an iterative bootstrapping algorithm. The ideal smoothing factor is selected when the median values of the
estimated uncertainties match the median of the differences between the interpolated and original velocities at the
GNSS sites. The advantage of this method is that it minimizes reliance on a priori assumptions and derives
uncertainties primarily from the GNSS velocity data and the spatial configuration of the network.

5.2. Method Used for GNSS and InSAR Data Integration

Various approaches have been developed to integrate GNSS and InSAR data for detailed mapping of surface
deformation. These typically involve using GNSS data to constrain or complement the rank–deficient InSAR
observations. For example, Tong et al. (2013) developed a method that uses GNSS data to constrain long‐
wavelength deformation, allowing InSAR to resolve the short‐wavelength signals. Wang and Wright (2012)
performed a joint inversion of GNSS and InSAR data to estimate a continuous 3D velocity field on a triangular
mesh, regularized using Laplacian smoothing—a technique later adopted by Wright et al. (2023). Tymofyeyeva
and Fialko (2017) and Xu et al. (2021) instead solved a continuous 3–D velocity field along the SAFS in Cali-
fornia, constrained using ascending and descending LOS rate data of InSAR, plus model predicted orientation of
horizontal velocities derived from interpolation of GNSS velocity field.

Our method is designed to achieve an optimized solution throughout the entire integration process. We first use all
the GNSS and decimated InSAR data to solve for incompatibilities among tracks of InSAR data (offsets and
ramps) in a grand least‐square regression, and remove their effects from the InSAR LOS rate data. Vertical
components of GNSS velocities are included in this step to provide stable long‐wavelength constraints on the
offset and ramp parameters. Next, we solve for the 3D velocity components at each grid cell using all corrected
InSAR data and interpolated GNSS velocity at that cell, via a weighted least squares inversion. The weighting is
based on the recalibrated uncertainties of both data types. At this stage, interpolated GNSS vertical velocities are
no longer used, as they may not reliably reflect localized non‐tectonic vertical deformation.

Unlike some earlier integration methods, our approach relies on minimal a priori assumptions. GNSS and InSAR
data are integrated in a single least squares regression to simultaneously solve for all three components of surface
velocity. We do not impose external constraints on subsets of the parameters (e.g., fixing north‐component ve-
locities or directional priors), as done in some other methods. This design ensures that the final solution is
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optimally constrained, though it should be noted that the north‐component velocities are still primarily deter-
mined by the GNSS input.

Uncertainties in the final solution are propagated through the least squares inversion from the input GNSS and
InSAR uncertainties. For most tectonically active regions including the SAFS, Mojave Shear Zone, and WLFS,
horizontal velocity uncertainties are approximately 1 mm/yr or less (Figure 4c), similar to those from the
interpolated GNSS velocities (Figure S2b in Supporting Information S1), with a few exceptions. Figure S14 in
Supporting Information S1 presents the ratio of horizontal velocity uncertainties from the integrated and GNSS‐
only solutions, Rσ = σint/σgnss and σint and σgnss denote the uncertainties in the integrated and GNSS solutions
respectively. In most areas, Rσ ≈ 1, indicating that the horizontal components of the integrated solution are
primarily constrained by GNSS data. However, in some regions such as the northern Mojave Shear Zone,
southern Sierra Nevada, southeastern California, and parts of western Nevada Rσ drops below 0.8, where InSAR
provides significant additional constraint, likely due to the availability of long‐term SAR observations (i.e., ERS
and Envisat data from the 1990s–2010s) and sparse GNSS coverage.

Vertical velocity uncertainties in most of the region in the integrated solution are larger than those in the GNSS‐
only solution, which is expected since interpolated GNSS vertical components are not included in the final
integration. Uncertainties are ∼1 mm/yr in the Mojave Shear Zone, the smallest due to long SAR (ERS/Envisat)
observation history in the region. For the rest of the ECSZ and WLFS, vertical uncertainties range from ∼1 to
2 mm/yr, and are smaller than those in most other regions outside the ECSZ. The WLFS region benefits from
dense Sentinel‐1 SAR coverage from 2014 to 2022, while areas to its west in central and northern California are
covered by a combination of Sentinel‐1 and ALOS‐2 data over the same period (Figure 2, Table S1 in Supporting
Information S1). Sentinel‐1 observations have better precision than ALOS‐2, resulting in more accurate vertical
velocity estimates and lower uncertainties in the WLFS compared to adjacent regions.

5.3. Comparison of Integrated Velocity Solution With Results of Previous Studies

Crustal deformation in California has been measured extensively over the past three decades using GNSS and
InSAR, resulting in the development of numerous deformation models based on a variety of methodological
approaches. Recent models based on GNSS data alone include those by Klein et al. (2019), Pagani et al. (2021),
Kreemer and Young (2022), Pollitz (2022), Evans (2022), Shen and Bird (2022), Zeng (2022b), and John-
son (2024), and models that integrate both GNSS and InSAR data include those by Tong et al. (2013), Ward
et al. (2021), and Xu et al. (2021). While the overall deformation patterns illustrated in these studies generally
align with our results, notable differences often arise in the details. These discrepancies may stem from differ-
ences in the use of a priori assumptions, such as the choice of polynomial or spline functions, or the design of
geometric mesh networks, which complicate direct comparison. Nonetheless, we highlight a few examples that
reveal common issues in some of the previous models.

In GNSS‐only models, interpolated strain rates sometimes show large dilatational signals in regions without a
known source of corresponding tectonic convergence or divergence. For example, Figure 9b of Pagani
et al. (2021) showed substantial dilatation across a broad area flanking the central SAF: ∼30–50 nanostrain/yr
extension west of the SAF and about the same amount of contraction to the east. Similar patterns also appear
across the Bartlett Spring fault and MF up north. Such patterns are inconsistent with the strike‐slip dominated
tectonic regime of the area. In contrast, our results (Figure S11b in Supporting Information S1) show much
smaller, more localized dilatations across the faults, consistent with expected tectonic processes in the region.

In models that integrate GNSS and InSAR data, inaccuracies can arise in the projection of LOS InSAR data into 3‐
D velocity components. A case in point is shown in Figure 6a of Xu et al. (2021), where an anomalous westward
velocity signal is observed along the western edge of the SJV, appearing more than 10 mm/yr slower than both of
the adjacent regions to the east and west. This anomaly coincides with a zone of strong subsidence and likely
results from imprecise LOS projection of InSAR data. Our solution (Figure S5a in Supporting Information S1), by
contrast, does not exhibit this anomaly, demonstrating the robustness of our methodology and the effectiveness of
our integration approach.
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5.4. Horizontal Deformation Field

Both the San Andreas and Walker Lane fault systems are composed of multiple faults for most of their sections,
and the deformation is usually spread over these faults, such as across the San Andreas, San Jacinto, and Elsinore
faults in southern California, and the San Andreas, Hayward, and Calaveras faults in northern California, showing
no dominant concentration around a single fault. This distributed deformation, potentially due to fault locking
within the upper crust, raises ongoing questions about the role of elastic dislocation below locking depth versus
viscous deformation in the lower crust and upper mantle (McCaffrey, 2005; Pollitz, 2022). Theoretical models
suggest that earthquake induced visco‐elastic deformation decays with time and can evolve to a broader region
late in an earthquake cycle (e.g., Hearn et al., 2013; Wang et al., 2021). Incorporating earthquake related visco‐
elastic relaxation into fault‐based deformation modeling did provide better interpretation of the data (e.g., Hearn
& Thatcher, 2015; Pollitz, 2022; Shen & Bird, 2022; Zeng, 2022b), and this integrated deformation field is
consistent with such an interpretation. However, regions with stable blocks, such as the SJV, Sacramento Valley,
and southern Mojave Desert east of the Mojave Shear Zone, show little or no deformation (Figures 4, 5a, 5b, 8),
indicating that although off‐fault deformation is widespread across the boundary zone, it is limited to fault zones
rather than extending into stable tectonic blocks.

5.5. Fault Surface Creep

In this study we resolve surface creep rates for various segments of the faults in California, and the results are
shown in Figure 6 and Figure S8 in Supporting Information S1. Knowing fault creep rates is important since it is
directly related to the degree of fault locking, seismic moment accumulation, and earthquake potential. Fault
creep on strands of faults in California has been closely monitored over recent decades using diverse means
(Weldon et al., 2013). Johnson et al. (2022) compiled and updated a fault creep data set for California based on
these measurements. Here we compare our results against Johnson et al.’s updated data set. Previous creep ob-
servations fall into two primary categories: near‐fault measurements from creep meters and alignment arrays
(e.g., Weldon et al., 2013), and projected horizontal creep from InSAR LOS data (e.g., Xu et al., 2021). We refine
the data set based on Johnson et al.’s data quality assessment, excluding data impacted by coseismic and post-
seismic deformation and omitting Lidar measurements that showed inconsistencies with other observations
(Johnson et al., 2022). Figure 6 illustrates the comparison.

Our results align well with prior observations overall, though some differences are apparent on specific fault
segments. For example,: (a) We observe a creep rate of 3–10 mm/yr across the Cholame section of the SAF,
whereas previous measurements indicated 0–5 mm/yr. (b) Our results show 10–22 mm/yr across the southern SJB
section of the SAF, consistent with previous observations in general (Figure 6). (c) While the along‐fault creep
pattern of the IF is similar to previous studies, our creep rate estimates (7–15 mm/yr) are consistently higher than
earlier measurements (0–9 mm/yr, Figure 6). The contrast is particularly large for the northern part of the fault,
amounting 7–13 mm/yr versus 0–2 mm/yr. These discrepancies could stem from several factors. One key dif-
ference is the sampling time period, as creep rates may vary over time. Another factor is spatial sampling range.
Creepmeter and alignment array data are measured within tens of meters from the fault, while our estimates are
based on differential motion between grid cells adjacent to and on opposite side of the fault. With a cell size of
0.02°N × 0.02°E, the distance between our sampling sites is around 2–3 km. If creep extends beyond a few meters
from the fault, our measurements may capture more signal than that of near‐fault measurements or short‐range
InSAR observations (Johnson et al., 2022).

5.6. Vertical Deformation Field

Our result exhibits massive subsidence in the SJV, with subsidence rates reaching 150–250 mm/yr at the center of
the valley and up to 40 mm/yr at the southern end of the valley (Figures 7b and 7d). The deformation is derived
from InSAR measurements observed by the Sentinel‐1 and ALOS‐2 satellites from 2015 to 2022, reflecting the
impact of aquifer compaction in the semi‐confined aquifer layer due to extensive groundwater extraction,
exacerbated during recent drought years (Liu et al., 2019). Locations of the bullseye areas are consistent with the
subsidence pattern reported in Faunt et al. (2016), detected using InSAR, continuous GNSS, and extensometer
during the 2012–2015 drought season.

Our result also reveals substantial subsidence in the Sacramento Valley, with more than half of the region
subsiding at rates between 10 and 25 mm/yr, particularly in the western valley (Figure 7a). A similar deformation
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pattern is detected in the Sacramento Delta region, where up to 25 mm/yr of subsidence is observed in the eastern
part of the Sacramento Delta and around Suisun Bay in the Francisco Estuary region. Our finding is based on
Sentinel‐1 and ALOS‐2 observations in 2015–2022, and the deformation pattern is consistent with a 3–20 mm/yr
subsidence reported by Brooks et al. (2012) derived using InSAR from 1995 to 2000, and an averaged subsidence
rate of 9.2 mm/yr reported by Bekaert et al. (2019) derived using UAVSAR and GNSS data from 2005 to 2019.

We detect considerable subsidence of 6–14 mm/yr at California coastal areas, from Point Reyes and Half Moon
Bay in northern California to San Diego‐Tijuana region in southern California (Figure 7 and Figure S9 in
Supporting Information S1). The Santa Maria Basin (SMB) and OP were subsiding at rates of 12–18 mm/yr
(Figure 7b). Subsidence at lower rates during earlier periods was reported at the coastal areas such as Half Moon
Bay (2007–2010) (Shirzaei & Bürgmann, 2018) and SMB and OP (1992–2009) (Hammond et al., 2018) and
(2007–2018) (Blackwell et al., 2020), suggesting temporal variation of and possibly heightened subsidence along
California coastline. Govorcin et al. (2025) analyzed Sentinel‐1 data from 2015 to 2023 to estimate vertical
motion along the California coastline, incorporating GNSS constraints. Their results show vertical motion from
Point Arena to San Diego that is broadly consistent with ours in terms of overall trends, including uplift around
Santa Barbara, Morro Bay, and Point Arena, and subsidence across most other coastal regions (Figure 7 and
Figure S9 in Supporting Information S1). However, the amplitudes of their estimated vertical motion are sys-
tematically smaller than ours, by roughly a factor of two. For example, they reported subsidence rates of 2–5 mm/
yr at Point Reyes compared to our 6–10 mm/yr, 2–7 mm/yr at Half Moon Bay compared to our 6–12 mm/yr, and
1–3 mm/yr in the San Diego region compared to our 2–6 mm/yr. The cause of this discrepancy remains unclear
and invites further investigation.

Subsidence of up to∼10–25 mm/yr is observed in the region around the southern Imperial and Cerro Prieto faults
(Figure 7c). This area is part of a pull‐apart basin created by a right‐step between the IF and CPF, which con-
stitutes part of the boundary between the Pacific and North America plates. This result is consistent with the
finding of Xu et al. (2017), which also reported subsidence at the stepover but at a much higher rate (∼40 mm/yr).
The heavy agricultural activity in the Imperial Valley has led to substantial groundwater use, which is likely the
primary cause of the rapid ground subsidence. Other subsidence regions detected include the BSZ, which is
another pull‐apart basin in a right‐step between the Coachella section of the SAF to the northeast and the IF to the
southwest. It is also affected by agricultural activities, and has a subsidence rate of 8–18 mm/yr (Figure 7c). About
8 mm/yr subsidence is identified at the San Jacinto Valley, which is located between two segments of the San
Jacinto fault (SJF) with a right step in between, and a dilatational jog created by the dextral motion of the fault
system (Park et al., 1995) (Figure 7c).

Our result shows consistent uplift surrounding the SJV, with 3–5 mm/yr uplift along the west and southwest
foothills of the Sierra Nevada Mountains and 3–8 mm/yr uplift within the southern Coast Ranges (Figure 7b). Part
of the uplift is perhaps caused by the unloading effect of groundwater withdrawal in the SJV (Amos et al., 2014;
Borsa et al., 2014; Hammond et al., 2016; Husson et al., 2018), and visco‐elastic deformation induced by decades
of water depletion in the past may have also contributed (Lundgren et al., 2022). Our estimated uplift rates in the
regions surrounding the SJV are based mainly on the InSAR data observed in 2015–2020. About 1–4 mm/yr of
uplift was found by analyzing GNSS data of 2004–2010 (Amos et al., 2014; Lundgren et al., 2022) and up to
2 mm/yr of uplift using GNSS data of 1996–2016 (Hammond et al., 2016). The heightened uplift rate (3–8 mm/yr
vs. 1–4 mm/yr) may reflect a response to intensified groundwater extraction during recent drought years.

We observe distinct vertical offset across tectonically active faults, such as offsets of 5–20 mm/yr across the
NGVF, ∼4 mm/yr across the HF, 1–5 mm/yr across the central section of the CF, 5–15 mm/yr across the
peninsula section of the SAF, and 5–15 mm/yr across the LHTF, respectively (Figures 6, 7 and Figures S8, S10 in
Supporting Information S1). Some of these fault‐related vertical offsets were detected in previous studies (e.g.,
Chaussard et al., 2014; Xu et al., 2021), but our findings suggest that such deformation is more common near
tectonically active faults than previously recognized and sometimes with higher rates than previous estimated.
This implies that faults may influence both the pattern and magnitude of vertical deformation. Acting as hydraulic
barriers, faults can impede cross‐fault fluid flow, thereby modulating vertical responses to seasonal and long‐term
subsurface water changes driven by climate forcing.

The most significant uplift of up to 20 mm/yr is observed along the western rim of the SJV and east of the Lost
Hills Thrust, in a narrow band approximately 20 km wide near the Westside Groundwater Subbasin (Figure 7b)
(Kim et al., 2021; Figure 1). Uplift in this area was also detected by Gualandi and Liu (2021) through InSAR data
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from 2015 to 2019 and by Xu et al. (2021). Previous studies showed that the uplift motion from 2015 to 2019 was
highly nonlinear, with an amplitude of ∼20 mm, and exhibited a temporal pattern that aligned with in situ well
water head observations (Gualandi & Liu, 2021). The uplift's location and correlation with coarse‐grained ma-
terials above the Corcoran clay layer suggest that it is likely a result of the poroelastic response of the shallow
unconfined aquifer system to the unusually heavy precipitation during the wetter winter of 2017 (Liu et al., 2019;
Gualandi & Liu, 2021).

We detect uplift of up to ∼10 mm/yr at dry lakebeds, including Bristol, Cadiz, and Danby Lakes in the south-
eastern Mojave Desert, though the precise cause remains uncertain (Figure 7c). Some studies suggest that
temporally variable processes, such as soil moisture responses to precipitation and drought, may play a role
(Zheng et al., 2022). Additionally, uplift rates of 3–6 mm/yr were identified along a series of normal faults in
northwestern Nevada (Figure 4b), likely related to groundwater depletion during drought seasons or to soil
moisture changes associated with climate‐driven drought conditions.

5.7. Strain Rate Field

In the areas away from major faults in California and western Nevada, strain rates are generally low or near zero.
However, analysis of two strain components—normal and parallel to the relative plate motion—reveals an
intriguing pattern (Figures S12b and S12c in Supporting Information S1). The normal strain rates in the direction
parallel to plate motion exhibit stripe‐like bands that run perpendicular to the plate motion, with alternating
positive and negative rates spaced tens of kilometers apart. A similar pattern appears in the normal strain rates
perpendicular to the plate motion, but here, the stripes are aligned parallel to the plate motion. These patterns were
derived using VISR software (Shen et al., 2015) with a 5–km smoothing distance, and they largely disappear
when the smoothing distance is increased to 20 km (Figures S13b and S13c in Supporting Information S1). The
amplitudes of these alternating strain rates are small, in the range of tens of nano‐strain per year, likely due to
differential velocities on the sub‐millimeter‐per‐year scale across the bands. The origin of this deformation
pattern remains unclear, though it does not appear to be a numerical artifact, as the two strain components display
distinct and orthogonal patterns. This observed banding may reflect stress modulation along these directions
influenced by gridded crustal material properties, although the underlying mechanisms are yet to be fully
understood.

5.8. Seismic Strain Rates

Crustal deformation is closely related to seismic hazard (Bird & Liu, 2007; Petersen et al., 2024; Wes-
nousky, 1986). Kostrov (1974) first introduced a fundamental relationship linking the average (engineering)
elastic strain rate ε̇ over a volume to the seismic moment rate Ṁ within that volume:

Ṁ = μVε̇ (5)

where μ is the shear modulus of the media and V is the volume of the seismogenic material. Variants of the
formula have been used for seismic hazard analysis. For instance, in geological studies of fault slip, it can be
expressed as:

Ṁ = μHLv (6)

where H is the seismogenic depth, L the fault length, and v the average fault slip rate in an earthquake cycle (e.g.
Working Group on California Earthquake Probabilities, 1995).

The Kostrov formula can also be applied to linking seismic moment rates to geodetically observed surface strain
rate (e.g., Ward, 1994; Savage & Simpson, 1997). However, projecting surface observed strain rate tensor into
scalar seismic moment rate is not straightforward, and here we adopt the formular proposed by Savage and
Simpson (1997):

Ṁ = 2μHA Max( ˙|ε1|, ˙|ε2|, ˙|ε1 +
˙ε2|) (7)
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where ε̇1 and ε̇2 are the geodetically derived principal strain rates, and A is the area over which the strain is
averaged.

Equations 6 and 7 allow us to associate seismic moments determined from geodetically measured surface
deformation to geologically measured slip on tectonic faults. To do so we first evaluate areal strain rates across the
study region, defined as:

Ps =∫

A

S (a) da (8)

where S = 2 Max ( ˙|ε1|,; ˙|ε2|, ˙|ε1
˙+ε2|) is the seismic strain rate at location a, and the integration is over the area A of

the region. This function can be compared to a fault‐based measure defined as:

Pf =∫

L

v(l) dl (9)

where v is a fault slip rate, and L is the length of a fault. The integration is over all the faults in the region. We refer
to Ps and Pf as areal‐strain‐related and fault‐slip‐related “surface potency rate” respectively, since these values are
equivalent to Equations 6 and 7 without the common scaling factors of shear modulus μ and seismogenic layer
thickness H. Therefore comparing the two quantities of seismic moment accumulation rates is effectively a
comparison of Ps corresponding to geodetic strain and Pf corresponding to fault slip. This comparison provides
insight into the distribution of on‐fault versus off‐fault deformation, as Ps encompasses the entire deformation
field measured at the Earth's surface, while Pf accounts only for fault‐related deformation.

We calculate the integrated areal strain rate using data from this study and compare that with accumulated fault
strain rates based on fault slip rate estimates from Hatem, Reitman, et al. (2022), Zeng (2022b), and Shen and
Bird (2022) (Figure S15 in Supporting Information S1). The results are presented in Table 1. The integrated
seismic strain rate derived using Savage's formula (Equation 8), Ps= 7.08× 104 m2/yr, reflects contributions from
all deformation sources, as well as data error. We also compute the integrated areal strain rates for three strain
components ε̇ps (shear component parallel to relative plate motion direction), ε̇pn (normal component parallel to
plate motion direction), and ε̇dn (normal component perpendicular to relative plate motion direction):

Px =∫

A

ε̇x (a) da (10)

Table 1
Areal and Fault Strain Rates Result

Data type and source Total strain rate (104 m2/yr)

Areal strain rate Ps, seismic strain using Savage's formula 7.08

Pa
ps, arithmetic sum of shear strain parallel to PM 4.30a

Ps
ps, absolute sum of shear strain parallel to PM 4.78

Pa
pn, arithmetic sum of normal strain parallel to PM − 0.03b

Ps
pn, absolute sum of normal strain parallel to PM 1.31

Pa
dn, arithmetic sum of normal strain perpendicular to PM − 0.05b

Ps
dn, absolute sum of normal strain perpendicular to PM 1.48

Geological fault slip rate Pf_geol, Hatem, Reitman, et al. (2022) 5.65

Geodetic fault slip rate Pf_zeng, Zeng (2022b) 6.10

Geodetic fault slip rate Pf_shen, Shen and Bird (2022) 4.71

Note. PM: relative plate motion direction. aDextral positive. bExtension positive.
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where ε̇x = 2 ε̇ps, ε̇pn, and ε̇dn and Px = Pps, Ppn, and Pdn respectively. This partitioning of the strain rate field
enables a more precise accounting of the strain rate budget and error source and a clearer representation of the
deformation field (Figures S12 and S13 in Supporting Information S1).

The strain rate results provide a quantitative assessment of relative contribution of different components to the
total areal strain rate budget. Two types of areal integrals of strain rates are calculated: Pa for arithmetic and Ps for
scalar (absolute value) sum of the strain rates. The results are: Pa

ps = 4.30 × 104 m2/yr, Ps
ps = 4.78 × 104 m2/yr,

Pa
pn = − 3 × 102 m2/yr, Ps

pn = 1.31 × 104 m2/yr, Pa
dn = − 5 × 102 m2/yr, and Ps

dn = 1.48 × 104 m2/yr, respectively
(Table 1). The arithmetic shear strain rate Pa

ps is about 12% smaller than the scalar shear strain rate Ps
ps, indicating

that roughly 6% of the total shear strain in the direction of relative plate motion is sinistral, opposing the dextral
shear caused by plate motion. This small amount of reversed deformation is likely due to short‐wavelength noise
in InSAR data, as indicated by low‐level fluctuations of strain rates in regions of low tectonic activity, such as the
southeastern Mojave Desert and Central Valley (Figure S12a in Supporting Information S1). For the normal strain
component along the plate motion direction, Pa

pn is only about 2% of Ps
pn in magnitude, suggesting that

contractional and extensional strains are nearly balanced, at approximately 51% versus 49%. This symmetry
appears to result partly from regional deformation such as contraction around the Big Bend of the SAF and
extension in western Nevada (Figure S12b in Supporting Information S1), and partly from the strain rate bands
seen in the figure, whose origin remains uncertain. Similarly, examination of the cumulative areal strain rate for
the normal component perpendicular to the plate motion, Pdn, shows Pa

dn to be just 3% of Ps
dn, indicating a similar

balance between contractional (51.5%) and extensional (48.5%) strains. Again, this component likely reflects
mainly the deformation banding observed in Figure S12c in Supporting Information S1, whose origin is yet to be
understood.

5.9. Comparison of Areal and Fault‐Related Strain Rates

Crustal deformation in California and Nevada has been extensively studied, primarily using geological and
geodetic methods. Hatem, Reitman, et al. (2022) summarized field study results and developed a geological
deformation model for the 2023 update of the US National Seismic Hazard Model (NSHM2023), incorporating
fault geometry and slip rates for over 1,000 faults in the western U.S. Using this geological data set along with a
GNSS velocity data set compiled by Zeng (2022a), a group of crustal deformation models were developed for the
western U.S. region, employed as the earthquake source models for the NSHM2023 update (Evans, 2022; Pol-
litz, 2022; Shen & Bird 2022; Zeng, 2022b). Different modeling approaches were taken among these studies, and
the results were assigned weights as input for NSHM2023. Here we select estimates of fault slip rates from models
of Hatem, Reitman, et al. (2022), Zeng (2022b), and Shen and Bird (2022) to be compared with, as these three
models constitute most contributions to NSHM2023 (Petersen et al., 2024).

Figure 9 presents our solution for the velocity component parallel to the relative plate motion direction, along
profiles normal to the plate motion direction. Integrated fault slip rates from three models are also plotted,
projected to the relative plate motion direction. For all faults, interseismic slip is assumed beneath a 20 km locking
depth. The differential motions predicted by these models are largely consistent with the observed motions,
including the large dextral motions across the SAFS, which are broadly distributed in southern and northern
California but more narrowly distributed along the creeping section of the fault in central California. However,
several significant discrepancies are noted:

1. The model predicted differential motions are systematically lower than observed across the Mojave‐Walker
Lane fault system. As shown in Figure 9, accumulated dextral motion east of the SJV is about 11–13 mm/yr
(profiles F–F′ to O–O′), and up to 15 mm/yr spanning the southern Basin and Range and Mojave Shear Zone
(profiles D–D′ and E–E′). Such a deformation pattern is corroborated also by GNSS only measurements of
Hammond et al. (2024), which mapped 11–14 mm/yr dextral motion across the central‐northern Walker Lane
fault and western great basin. All NSHM models however, show differential motion rates much lower
across the Mojave Shear Zone and the northern WLFS (8–11 mm/yr lower across profiles E–E′ to F–F′ and 6–
10 mm/yr lower across profiles J–J′ to N–N′ respectively, Table S3 in Supporting Information S1). The dis-
crepancies are less pronounced across the southernWalker Lane faults (spanning profiles H–H′ and I–I′), which
are reduced to∼4–7 mm/yr for Hatem et al.’s and Shen and Bird's models, and virtually none for Zeng's model,
due to slip contributions across the Owens Valley, Paramint Valley, and/or Death Valley fault in their solutions.
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A smaller discrepancy of ∼4–9 mm/yr is observed in northern Nevada and northeastern California, as
shown along profiles O–O′ to S–S′. As a result, as noted by Johnson (2024), the NSHM deformation model
predicted seismic moment rates (Pollitz et al., 2022) in the Walker Lane and Northern Basin and Range regions
are significantly lower than that predicted by the geodetically derived seismic moment rates.

2. Two models, Hatem et al.’s and Zeng's, overestimate the differential motions across certain segments of the
SAFS (Table S3 in Supporting Information S1). This includes the Mojave section (∼4 mm/yr overestimate for
Zeng'smodels, profiles E–E′), the SJB andSCMsections, and theCF (9–10mm/yr overestimate forHatem's and
9–12 mm/yr overestimate for Zeng's models, profiles K–K′ and L–L′). Zeng's model also overestimates dif-
ferential motions further north, with discrepancies of 4–18 mm/yr across profiles M–M′ to O–O′. However,
there are negligible discrepancies across theMojave section of the SAF forHatem'smodel (profiles E–E′ to I–I′)
and across the Carrizo and creeping sections of the SAF for Zeng's model (profiles H–H′ to J–J′).

3. Shen and Bird's model underestimates differential motion across most of the SAF segments in California, with
discrepancies of 13 mm/yr or more on segments such as the SJF and the Coachella section of the SAF (profiles
B–B′ and C–C′), parts of the Mojave and Carrizo sections (profiles G–G′ and H–H′), and the SAF, Maacama,
and Bartlett Springs faults (profiles P–P′ to R–R′) (Table S3 in Supporting Information S1).

4. Hatem's and Shen and Bird's models underestimate the differential motion across the plate boundary fault
system south of the California/Mexico border by ∼18–20 mm/yr (profile A–A′). This discrepancy is attributed
to an incomplete model representation of faults near the state border and in Mexico, such as the Cucapah fault.

Figure 9. Comparison of model predicted differential motion along profiles normal to the Pacific‐North America relative
plate motion direction. Locations of the profiles are shown in Figure 4a. The data denote horizontal component parallel to the
relative plate motion. Black squares are global navigation satellite system data located within a 0.5° bin centered at the
profile, and blue curves are velocity components of the integrated velocity solution. Purple, green, and orange curves mark
the model predicted differential motions from Hatem, Reitman, et al. (2022), Zeng (2022b), and Shen and Bird (2022),
respectively. Blue bars at the left edge mark model predicted Pacific‐North America rigid plate motion. Red vertical bars
mark locations of active faults, see Figure 5 caption for their abbreviations.
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Postseismic deformation following the 2010 M7.2 El Mayor‐Cucapah earthquake is likely responsible for
most of this discrepancy in differential motion (Wei et al., 2011; Gualandi et al., 2020).

A possible explanation for the discrepancies between our integrated deformation model and the predicted de-
formations from geological and geodetic models is that the observed deformation field is broadly distributed,
especially across the WLFS. While the geological fault slip model by Hatem, Reitman, et al. (2022) represents a
significant improvement over previous models, it still lacked field data to constrain many of the low‐slip‐rate
faults in the Walker Lane and Basin and Range province. If crustal deformation is primarily driven by slip on
faults (i.e., discrete fault creep below the upper crust during the interseismic period), the assignment of low slip
rate brackets to these faults may have obscured the contributions of a few faults with relatively higher slip rates.
Consequently, the geodetic models, which are also partly constrained by the geological model, may be signifi-
cantly underestimating the total deformation field across the WLFS.

The cause of this distributed deformation may stem from several factors. One interpretation is that the defor-
mation field results from distributed shear in the lower crust, rather than discrete fault slip extending downward
from the upper crust. Miller et al. (2024) advocated this view, using a distributed shear model to explain the
geodetic velocity field across the northern and central WLFS, and finding that a uniform strain rate model
provides a better fit than a fault‐based elastic dislocation model. Additionally, the Walker Lane region exhibits
higher heat flow and shallower seismogenic depth compared to most of California, implying a more ductile lower
crust that can accommodate shear motion more effectively (Blackwell et al., 2006; Zuza & Cao, 2020).

An alternative approach to modeling the deformation field is to incorporate “off‐fault” deformation within fault‐
based deformation models. Shen and Bird (2022), for instance, used a finite element model to explain the
deformation field in the western US, attributing it to both fault slip and off‐fault deformation. Their findings
indicate that off‐fault deformation accounts for roughly one‐third of the total deformation, aligning closely with
the observations in our study. This approach helps explain why their model's predicted differential motions across
both fault systems often under‐predict observed rates and are generally lower than those of other models, because
a portion of the deformation is represented as off‐fault deformation, not solely as fault slip.

It is noted that Zeng's model overestimates differential motion across various segments of the SAFS, as shown in
profiles E–E′, K–K′ to L–L′, and O–O′ (Table S3 in Supporting Information S1). This discrepancy may stem from
a compensatory effect, where the model compensates for lower deformation rate estimates across the WLFS and
western Nevada. The GNSS velocity field used as model constraints portrays ∼50 mm/yr dextral shear across the
plate boundary zone in southwest US; as such, underrepresented deformation in the east in Zeng's model might be
effectively redistributed westward, resulting in an overestimation of differential motion across the SAFS.

We compare integrated geodetic strain rates across the plate boundary zone with the cumulative strain rates from
model‐predicted slip on faults. As discussed earlier, the tectonic strains are mainly reflected in Pa

ps, the shear
component parallel to the relative plate motion direction; and the integrated scalar strains of the other two
components Ps

pn and Ps
dn are mainly attributed to non‐tectonic deformation, or at least not related to the slip of the

tectonic faults modeled by the geological and geodetic models. The integrated geological fault slip rate of Pf_geol

(5.65 × 104 m2/yr) and the integrated geodetic fault slip rate of Pf_zeng (6.10 × 104 m2/yr) are both significantly
greater than Pa

ps (4.30 × 104 m2/yr) and Ps
ps (4.78 × 104 m2/yr). Although Pf_shen (4.71 × 104 m2/yr) aligns more

closely with Pa
ps, this model also includes a significant proportion of off‐fault strain—around one‐third of the total

—which, if added to the strain budget, would bring it to a similar magnitude as the other models. This discrepancy
in strain rates may stem from several factors. One possible source is fault slip that deviates from the principal
relative plate motion direction, such as on the Garlock and Transverse Ranges faults. However, contributions
from these components to the integrated tectonic strains appear minimal, as suggested by the low amplitudes of
Pa

pn and Pa
dn and discussed in Section 5.5. As Pa

pn and Pa
dn are only ∼1% in amplitude comparing to Pa

ps, contri-
butions from these components should not be greater than a few percent. Another potential source of discrepancy
is the incomplete mapping of deformation across the plate boundary zone within our velocity model, particularly
if offshore deformation is underestimated. Offshore deformation however may not be substantial, as a wrench‐
style deformation extending to the far offshore, suggested by the curvature of onshore data profile, generally
aligns with the relative plate motion predicted by the plate motion model (Figure 9), which is calculated using
angular velocity of Pacific‐North American relative motion from Kreemer et al. (2014).
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6. Conclusions
We have developed a method to integrate GNSS and InSAR data to produce a 3–D velocity field. Key elements of
the method include: (a) It adopts an optimized approach to interpolate discrete GNSS velocity data points into a
continuous velocity field. (b) It takes a pragmatic approach to evaluate uncertainties for InSAR and GNSS
measurements as well as interpolated GNSS velocities, to be used as weights for data input. (c) The ramp pa-
rameters of multiple tracks of InSAR data are solved through global optimization to minimize systematic biases in
the solution. (d) InSAR LOS data are averaged within small grids, and de‐ramped InSAR data and interpolated
GNSS data are aggregated to solve for 3‐D deformation in the grids through least squares regression.

We applied the method to integrate GNSS and InSAR data to solve for 3–D crustal deformation of California and
western Nevada. Up to three decades of GNSS data are incorporated, observed in both continuous and campaign
modes, and combined with InSAR data acquired over a comparable time span using various satellites and sensors.
The spatial‐temporal coverage of InSAR data vary over the years, from limited spatial coverage of the ERS/
Envisat satellite observations in southern California in 1990s–2010s to the Sentinel‐1 and ALOS‐2 observations
that cover the entire study region from 2014 to the present. The deformation field is well resolved for most of the
region, with horizontal component uncertainties averaging around 1 mm/yr or less and vertical uncertainties
about 2–3 mm/yr or less, effectively capturing both fault‐related tectonic motions and more distributed defor-
mation patterns across the region. Our results show the following:

1. Horizontal crustal deformation at the plate boundary zone in California and western Nevada is dominated by
tectonic deformation around the San Andreas and Walker Lane fault systems, with ∼30–40 and ∼8–12 mm/yr
dextral shear motion across them, respectively. Most of the deformation field can be interpreted as caused by
slip underneath the known tectonic faults in the region, but the residual deformation field is also significant and
broadly distributed. This broadly distributed deformation field may be caused by ductile deformation in the
substrate of the lithosphere, or anelastic deformation in the upper crust, or both. The mismatch between the
observed and fault model interpreted deformation field is particularly significant across the WLFS and western
Basin and Range Province, implying that current fault‐based models might underestimate seismic moment
accumulation and earthquake potential in these regions. This underestimation points to a need for refined
seismic hazard assessments that incorporate distributed deformation mechanisms beyond fault slip alone,
especially in the areas where tectonic strain may be more diffusely accommodated.

2. Subsidence is widespread in the SJV and Sacramento Valley, with the rates reaching 150–250 and 10–25 mm/
yr respectively, likely exacerbated by intensive groundwater extraction. Similarly, areas near the southern
Imperial and Cerro Prieto faults show subsidence rates of 10–25 mm/yr. Subsidence reaches up to 12–18 mm/
yr in the SMB and OP, possibly influenced by oil and gas extraction. California's coastline experiences sig-
nificant subsidence at various locations—from Point Reyes and Half Moon Bay down to San Diego‐Tijuana,
with rates up to 6–14 mm/yr. Many of these coastal subsidence rates are higher than previously documented,
suggesting a potential increase in coastal and nearshore impacts.

3. Uplift is occurring in surrounding mountainous regions of the SJV. The Sierra Nevada Mountains and the
Southern Coastal Ranges show uplift rates of 3–5 and 3–8 mm/yr, respectively, potentially driven by elastic
rebound related to the loss of groundwater in adjacent valley. The complex pattern of subsidence and uplift has
implications for regional water management, land use, and infrastructure stability, highlighting the need for
ongoing monitoring and adaptive management strategies.

4. Abrupt vertical offsets are observed across tectonically active faults, such as 5–20 mm/yr across the NGVF, 5–
15 mm/yr across the LHTF, and 5–15 mm/yr across the peninsula section of the SAF, respectively. The
vertical offsets reflect differential subsurface mass changes related to variations in sediment type, hydroge-
ology, and groundwater movement. It suggests that faults acting as hydraulic barriers, can influence vertical
deformation by modulating groundwater circulation associated with dynamic recharge and extraction of
groundwater in the underlying aquafer system.
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Data Availability Statement
Fortran codes and the input/output files to compute deformation field (gic3d.f) and velocity interpolation
(visr_n.f) at California and western Nevada are archived at (Shen & Liu, 2025) and are freely accessible. No
registration is required.

Data and Software Citation: The primary GNSS velocity data are from the NASA‐Scripps MEaSUREs project
(Bock et al., 2025). Additional GNSS velocity data are from a compilation of Zeng (2022a). Geological fault data
are from Hatem, Collett, et al. (2022), and can be accessed at Hatem (2023). We thank ESA for its open data
policy for ERS, Envisat, and Sentinel‐1 data (CDSE, 2025) and JAXA for making ALOS‐2 ScanSAR data
(ALOS, 2025) publicly available. The GMT software (Wessel et al., 2019) was used for graphics of the study.
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