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Abstract We estimate the rate of vertical land motion (VLM) in the region around the Western Transverse
Ranges (WTR), Ventura, and Big Bend of the San Andreas Fault (SAF) of southern California using data

from four geodetic techniques: GPS, interferometric synthetic aperture radar (InSAR), leveling, and tide
gauges. We use a new analysis technique called GPS Imaging to combine the techniques and leverage the
synergy between (1) high geographic resolution of InSAR, (2) precision, stability, and geocentric reference
frame of GPS, (3) decades long observation of VLM with respect to the sea surface from tide gauges, and
(4) relative VLM along dense leveling lines. The uncertainty in the overall rate field is ~1 mm/yr, though some
individual techniques have uncertainties as small as 0.2 mm/yr. The most rapid signals are attributable to
subsidence in aquifers and groundwater changes. Uplift of the WTR is geographically continuous, adjacent to
the SAF and appears related to active crustal contraction across Pacific/North America plate boundary
fault system. Uplift of the WTR and San Gabriel Mountains is ~2 mm/yr and is asymmetrically focused west of
the SAF, consistent with interseismic strain accumulation across thrust faults in the Ventura area and

Santa Barbara channel that accommodate contraction against the near vertical SAF.

Plain Language Summary How fast do mountains grow? What mechanism is forcing their growth?
In our study we combined large and complementary data sets collected over the past century to estimate
the current rate of mountain growth and land subsidence in the Ventura area and Western Transverse Ranges
of southern California. We show that the rock of the mountains moves upward ~2 mm/yr across a large
region between the San Andreas Fault and the Pacific coast. This rate seems slow on human terms but
cumulatively amounts to 2 km of elevation per million years, which is a lot of topography that can be
developed over geologic time, though it will be partially offset by the cumulative effects of erosion over
similar amounts of time. Additional to the rapid mountain growth rate, these results are interesting because
they place new constraints on the seismic potential of the active thrust faults that build the Western
Transverse Ranges through plate tectonic forces. These new constraints help locate and estimate the pace at
which active faults slip, thereby improving estimates of earthquake and tsunami hazards.

1. Introduction

The Western Transverse Ranges (WTR) have some of the highest contemporary crustal contraction and uplift
rates in the cordillera of the western United States. Strain in the crust is seen in the topography of the ranges,
uplift and deformation of marine terraces (McCrory and Lajoie, 1979; Rockwell et al., 1988; Yerkes & Lee, 1979,
1987; Yerkes et al., 1987), active contraction and shear from GPS geodesy (e.g., Donnellan et al., 1993; Marshall
et al, 2013; Meade & Hager, 2005; McCaffrey, 2005), paleomagnetic rotations (Luyendyk et al., 1985), and
thrust earthquake focal mechanisms (Jackson & Molnar, 1990). Over the time scale of 10* to 10° years, coastal
uplift rates are generally 1 mm/yr or less (see, e.g., the SCEC vertical motion database, Niemi et al., 2008).
However, along the system of thrust faults that forms the structural southern boundary of the WTR, they
are significantly higher. For example, the Ventura Anticline uplift has been near 4-7 mm/yr (Hubbard et al.,,
2014; Niemi et al., 2008; Rockwell et al., 2016) and may indicate that the bounding thrust faults have the capa-
city to generate large earthquakes, up to M 8 (Dolan & Rockwell, 2001; McAuliffe et al., 2015).

Here we show that geodesy can directly measure the active uplift and subsidence across the WTR in order to
provide improved constraints on vertical land motion (VLM) and argue that much of the signal is attributable
to active tectonic deformation. VLM can result from multiple physical mechanisms, some of which, such as

HAMMOND ET AL.

836


http://orcid.org/0000-0001-7367-9489
http://orcid.org/0000-0003-1511-5241
http://orcid.org/0000-0002-7490-5983
http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-9356
http://dx.doi.org/10.1002/2017JB014499
http://dx.doi.org/10.1002/2017JB014499
http://dx.doi.org/10.1002/2017JB014499
http://dx.doi.org/10.1002/2017JB014499
http://dx.doi.org/10.1002/2017JB014499
mailto:whammond@unr.edu
https://doi.org/10.1002/2017JB014499

@AG U Journal of Geophysical Research: Solid Earth 10.1002/2017JB014499

the seasonal to intradecadal changes in hydrological effects (e.g., Amos et al., 2014; Argus et al., 2005; Bawden
et al, 2001; Borsa et al,, 2014), are transient in nature. Resolving the long-term trends and separating them
from transient movement provides needed complementary information to resolve the pattern of tectonic
strain accumulation across the plate boundary. There have been many studies of the horizontal interseismic
motion across the Pacific/North America plate boundary zone in southern California (e.g., compilation by
Sandwell et al., 2016), but direct geodetic observation of VLM remains difficult, and a consensus over the pat-
tern and rates has not yet formed, with recent studies finding somewhat different signals and interpretation
of their significance (e.g., Dong et al., 2006; Fay et al., 2008; Howell et al., 2016; Marshall et al., 2013, 2017; Tape
etal, 2009). Interpreting interseismic VLM with slip rates on specific fault systems requires detailed modeling
that accounts for the relationship between interseismic and long-term vertical deformation (e.g., Huang et al.,
2010). We here concentrate on developing the most precise and detailed map of geodetic VLM to date so
that improved models that better localize and quantify loading rate of faults can be developed in subsequent
studies. Models of VLM are also needed for other purposes such as sea level studies which correct tide gauge
records for VLM (Hamlington et al., 2016; Woppelmann & Marcos, 2016) and similarly require separation of
transient motions from long-term trends.

In the past VLM attributable to tectonic deformation has been difficult to detect owing to several factors. In
GPS, for example, the accuracy and precision is poorer in the vertical coordinate owing to dilution of precision
(Hofmann-Wellenhof et al., 1992), reliance on models of atmospheric refraction using globally representative
approximations (Boehm et al.,, 2006), and contributions to vertical position from atmospheric pressure
(Tregoning & Watson, 2009; van Dam et al.,, 1994) and hydrological loading (e.g., Borsa et al., 2014; Wahr
etal, 2013). Interferometric synthetic aperture radar (InSAR) data complement GPS, providing blanket cover-
age, but suffer from errors in long-wavelength deformation owing to uncertainties in orbits, refractivity of the
troposphere, topographic effects, and difficulties in unwrapping of phase (Chen & Zebker, 2000; Blirgmann
et al.,, 2000; Massonnet & Feigl, 1998). Furthermore, InSAR is sensitive to Earth surface motion only along
the satellite to ground line of sight direction, leaving the three-component direction of motion ambiguous.
Conversely, tide gauge records are sensitive to VLM and have stable records, in some cases nearly a century
long, but they use as a reference the mean surface of the ocean and hence are impacted by uncertainties in
global mean sea level rise and oceanographic changes (e.g., Burgette et al., 2009; Woéppelmann & Marcos,
2016). Terrestrial leveling data also constrain VLM along dense lines usually surveyed along highways but suf-
fer from atmospheric refraction and monument noise (Stein et al., 1986; Strange, 1981).

To overcome some of these challenges we here take advantage of improvements in the quality, quantity,
and scope of data, and new analysis tools that improve the robustness of trend and field estimation from
the data. We combine data from each of the four geodetic systems mentioned above (Figure 1) to
develop an integrated field of VLM in a GPS-defined reference frame. A centerpiece to the improved ana-
lysis strategy is the use of the MIDAS and GPS Imaging algorithms that apply robust temporal and spatial
filtering to stabilize the alignments so that they become insensitive to common problems in the data that
can be exacerbated through least squares analysis (Blewitt et al, 2016; Hammond et al., 2016). The
greater robustness, detail, and scope of the solution, along with solutions for the amplitude of seasonal
motion, allow us to estimate which of the observed signals are attributable to tectonic motion and which
to other processes.

2, Data
2.1. Global Positioning System (GPS)

California has some of the most dense and extensive GPS networks in the world. We use data from the regio-
nal high-precision GPS networks including the EarthScope Plate Boundary Observatory (PBO, operated by
UNAVCO), Bay Area Regional Deformation Network (BARD, operated by UC Berkeley and the USGS),
Continuously Operating Reference Station (CORS, coordinated by the National Geodetic Survey), and other
stations in the network formerly known as SCIGN that are now operated by the USGS in Pasadena, Scripps
Orbit and Permanent Array Center (SOPAC), and the Jet Propulsion Laboratory (JPL). Because we are primarily
concerned with data that can provide constraint on vertical motions, we use relatively stringent criteria for
accepting stations as data sources. We use stations that have over 5 years of data between their first and last
occupation, have time series over 25% complete between the first and last observation, and have vertical rate
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Figure 1. (a) Study area showing the topography and active crustal faults in southern California and WTR. VAA = Ventura
Avenue anticline. (b) Locations of four geodetic techniques used in the study. InSAR track/frame sets are shown with red
polygons annotated to show track/frame identification. Tide gauge locations are shown with yellow stars. Leveling lines are
shown with small red diamonds. Location of GPS stations are shown with green dots.

uncertainties estimated from the time series of less than T mm/yr. We use all data available up until 26
January 2017. Within the area of Figure 1, 236 stations meet our criteria, 19 of which are designated IGS
Core stations (http://www.igs.org/network).

We process RINEX data from the GPS stations to estimate daily coordinate time series as part of a global
GPS network analysis that includes data from over 16,300 stations. We use the GIPSY-OASIS Il software
package in precise positioning mode (Zumberge et al, 1997) to estimate daily station coordinates. The
processing uses reanalyzed fiducial-free GPS satellite orbit and clock parameters provided by the Jet
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Propulsion Laboratory’s IGS Analysis Center with antenna calibration models for station receivers and
satellite transmitters. The observation model includes solid earth tides and oceanic tidal loading
(Scherneck, 1991). The Global Mapping Function was applied to model tropospheric refractivity (Boehm
et al, 2006), and the tropospheric wet delay was modeled as a random walk zenith parameter with
two random walk horizontal gradient parameters (Bar Sever et al., 1998). The carrier phase ambiguities
are resolved using the WLPB method (Bertiger et al., 2010).

We align the daily three-component position solutions with a custom North America-fixed, spatially filtered
reference frame, NA12 (Blewitt et al., 2013). This frame has an origin and scale that are consistent with the
International Terrestrial Reference Frame, ITRF2008 (Altamimi et al, 2011), but corotates with the North
American plate and provides a continental scale regional filtering that reduces common-mode noise in the
horizontal and vertical coordinates (Wdowinski et al., 1997). The seven-parameter daily coordinate transfor-
mations from the JPL fiducial-free frame to NA12 are publicly available for GIPSY-OASIS Il users at ftp://
gneiss.nbmg.unr.edu/x-files. All position solutions are posted and available for download on the data pro-
ducts pages of the Nevada Geodetic Laboratory (http://geodesy.unr.edu).

We estimate vertical rates from GPS data using the MIDAS algorithm (Blewitt et al., 2016). This method incor-
porates a median-based nonparametric estimation of the trend that is highly insensitive to the presence of
steps, outliers, and seasonal oscillations in the coordinate time series. MIDAS finds the mode of a distribution
of rates using selected pairs of epochs separated by about 1 year, following median trend estimator theory
(Sen, 1968; Theil, 1950). Since the pairs are about 1 year apart, the rates are insensitive to seasonality regard-
less of the details of its form (e.g., sinusoidal, sawtooth). Information about known steps owing to, for exam-
ple, equipment changes or earthquakes is not critical, because the method is also insensitive to the presence
of steps. Nonetheless we incorporate information from station metadata to more optimally select position
pairs representative of the trend. MIDAS is the most accurate estimation method among those subjected
to blind tests on synthetic data (Gazeaux et al., 2013). Uncertainties in the rates are estimated from the spread
of the distribution of rate samples. Up to date MIDAS rates and uncertainties are generated weekly and are
openly available for all stations processed by the Nevada Geodetic Laboratory at http://geodesy.unr.edu.
Their values as of 26 January 2017, used in this analysis, are given in Table S1 in the supporting information.
The median MIDAS rate uncertainty for stations in Figure 1 is 0.51 mm/yr, and all are less than 1.0 mm/yr
owing to the exclusion criteria (Figure 2c). MIDAS uncertainties are a function of the amount of scatter the
data have around the best trend and are usually larger than the formal uncertainties estimated in least
squares inversions.

The distribution of vertical rates has a median value near zero, (0.05 mm/yr) showing that the region does not
experience significant net uplift or subsidence with respect to the NA12 reference frame origin (Figure 2a).
The distribution of vertical rates is asymmetric, with a long tail toward negative values of vertical rate (subsi-
dence). This skewness is attributable to GPS stations that are located on active aquifers or groundwater basins
in southern California that have moved generally more downward, at speeds greater than tectonic vertical
rates, since observation began. These GPS stations are usually dominated by nontectonic signals. In
Figure 3 we show a map of GPS vertical velocity obtained using our GPS Imaging algorithm (Hammond et al.,
2016) on the vertical MIDAS velocities. This map serves as a starting point and reference for the combinations
and already shows some intriguing zones of uplift and subsidence that we will discuss in further detail below.

2.2. InSAR

We use radar scenes collected by the C-band ERS-1, ERS-2, and ENVISAT satellites operated by the European
Space Agency between 1992 and 2009, which we obtained from the WinSAR archive at UNAVCO. We used all
the radar scenes from a given mission/track/frame set if there were 16 or greater number of scenes available
from which we were able to perform interferometry using the Gamma software. From the raw data we were
able to generate between 16 and 153 single-look complex (SLC) images for each set with common mission,
track, and frame number. Most of the data were from descending orbits because they tend to have a greater
number of scenes available per mission/track/frame set. However, we were able to make 28 SLC images from
track 120 frame 657, so we used this set to provide additional constraint on vertical motions in the southeast
corner of our study area (Figure 1b). Table 1 summarizes the track/frame sets used, the number of SLCs
obtained, the number of interferograms that were obtained, and range of dates covered by the data.
Baseline plots showing all interferometric pairs are provided in the supporting information. For
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Figure 2. Histograms of (a) vertical GPS velocity, (b) INSAR-based vertical velocity after projecting to vertical and alignment
with other techniques, and (c) uncertainty in the vertical GPS rate from the MIDAS algorithm.

coregistration of images we selected a reference scene for each mission/track/frame set. The reference scene
was the one with median latitude among those with an area within 10% of the median scene area, where
area and central latitude are calculated from the convex hull of the locations with nonempty phase rate
values. In some cases we obtained scenes that could have been matched with adjacent scenes along track
and concatenated to make longer single scenes, which can be advantageous for eliminating
discontinuities between InSAR rate maps that are adjacent in the along-track direction. We did not,
however, perform this concatenation, instead choosing to keep scenes in their original dimensions. There
were several reasons for this including (1) owing to availability of scenes in the WinSAR archive different
numbers of scenes were available in adjacent along-track frames, so using only scenes combined along
track would require omitting some data when we were seeking to use the maximum amount possible, (2)
combining scenes along track only addresses along-track seams, and not cross-track seams so the net
benefit of combining along-track scenes is limited. Later in the analysis (section 3.1.6) we discuss the
resulting seams and how their magnitudes are small compared to the overall error budget in VLM.
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Figure 3. (top) GPS Imaging of vertical MIDAS rates using method of Hammond et al. (2016). Color scale is in mm/yr, dots
are locations of GPS stations used in the analysis, black lines are active faults. (bottom) Same image but constructed using
both GPS, tide gauge, and leveling data that have been aligned together in the same reference frame. Color scale bar in
mm/yr.

We performed two-pass interferometry on all pairs of scenes that had a perpendicular baseline less than
300 m with a DEM generated from SRTM data for the area covered in Figure 1. For each group of scenes in
a given mission/track/frame set, the needed DEM tiles were downloaded from the USGS and combined into
a single file covering the area of the radar scenes. For each pair we applied adaptive spectral filtering
(Goldstein & Werner, 1998) and median cost flow unwrapping of the phase (Costantini, 1998) and solved
for corrections to the baselines using the relationship between topography and phase, as implemented in
the Gamma software package (Werner et al., 2000). We exclude InSAR data for parts of scenes on the islands
of San Miguel, Santa Rosa, and Santa Cruz across the Santa Barbara Channel. For each mission/track/frame set
we solve for rates of motion in the satellite line of sight (LOS) direction at every pixel in the coregistered inter-
ferograms using the SBAS algorithm (Berardino et al., 2002). Before applying SBAS we exclude pixels that
have a coherence value of less than 0.3 and exclude entire interferograms that have 25% or less of their area
above this threshold. We also exclude interferograms with very high RMS phase or phase rate values in the
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Table 1
InSAR Track/Frame Sets Used in Analysis
Asc./ Number Number Date of first Date of last

Platform Track Frame Desc. RSLCs interferograms scene? scene®
ENVISAT 120 657 A 28 142 20031029 20090624
ENVISAT 170 2907 D 22 104 20040807 20090627
ENVISAT 170 2925 D 36 306 20030927 20090627
ENVISAT 213 2907 D 18 89 20050201 20090526
ENVISAT 213 2925 D 16 57 20050201 20090526
ENVISAT 399 2907 D 34 287 20030908 20090608
ENVISAT 399 2925 D 35 300 20030630 20090608
ENVISAT 442 2907 D 22 101 20030424 20090611
ENVISAT 442 2925 D 25 144 20030424 20090611
ENVISAT 485 2907 D 54 540 20030112 20090823
ERS 170 2925 D 143 2,525 19920930 20091114
ERS 170 2907 D 129 2114 19920617 20091219
ERS 213 2907 D 122 182 19920516 20091222
ERS 213 2925 D 125 626 19920620 20091222
ERS 256 2907 D 67 578 19920414 20080822
ERS 399 2907 D 153 2590 19920424 20091130
ERS 399 2925 D 152 2367 19920424 20091130
ERS 442 2907 D 139 287 19920914 20091203
ERS 442 2925 D 148 449 19920914 20091203
ERS 485 2907 D 130 479 19920604 20091206

“Date format is yyyymmdd.

deramped interferograms since they contain unusually large errors. These criteria generally excluded less
than 5% of the interferograms in a given track/frame set. In the SBAS inversion we include parameters for
a constant velocity plus annual period sine and cosine terms. We filled gaps from locations with poor
coherence and applied Gaussian smoothing with a wavelength of ~2 km to the LOS velocity map. In all we
calculated 20 overlapping LOS rate images, which we used to construct a mosaic of vertical rate
described below.

2.3. Tide Gauges

We use relative sea level (RSL) time series recorded by NOAA at tide gauges in Southern California to estimate
relative rates of VLM over the past century. Tide gauges measure sea level changes over time relative to the
crust to which they are attached, and thus are sensitive to signals from both oceanic and crustal processes.
Repeated local leveling between tide gauge sensors and a network of nearby benchmarks maintains the local
vertical control on the height of the tide gauges. As a result, the relative vertical deformation sensed by the
tide gauge is specific to the primary benchmark at each tide gauge that defines the local datum. Over the
regional spatial scale of the study area, estimated variations in the rate of geocentric sea level rise are
<0.2 mm/yr (Church et al.,, 2004), and most of the ocean noise is shared between tide gauges. The Los
Angeles, Santa Monica, and Port San Luis tide gauges bound our study area along the coast (Figure 1) and
have nearly continuous records that span >70 year (Figure 4). The Santa Barbara tide gauge has a more dis-
continuous record that began in 1973.

We use monthly mean relative sea level time series from a network including other long-running tide gauges
along the California coast from San Diego to San Francisco. In the processing of these data we difference the
time series of pairs of tide gauges to remove shared oceanographic noise, which yields more precise esti-
mates of relative vertical motion between gauges (Figure 4). We estimate the rates and uncertainties of rela-
tive sea level change from both the undifferenced time series from long-running (>70 year duration) tide
gauges and the differenced time series of many pairs of tide gauges, taking into account time-correlated
noise using the CATS algorithm (Williams, 2008). We apply the network solution method of Burgette et al.
(2013) to estimate rates and uncertainties of relative sea level change at all gauges.

Adjusted RSL rates in the network solution have estimated precision of 0.2-0.4 mm/yr and show significant
differences in the rate of relative sea level change over the ~100 km distances between tide gauges (Table 2).
The observed rate of RSL rise in the Los Angeles and Western Transverse Ranges area is significantly lower
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Figure 4. Example tide gauge records for Port San Luis (PS) and Santa Monica (SM) showing sea surface height with respect
to land (gray circles). Lower three time series are example differenced tide gauge records between PS, SM, and the LA (Los
Angeles) and SB (Santa Barbara) gauges (white circles). Time series vertical shift is arbitrary for presentation clarity.

than the ~2.0 mm/yr rates observed in the San Diego and San Francisco areas to the south and north, with the
lowest rates observed at the Santa Barbara and Port San Luis tide gauges (Table 2). Assuming a published
value for the geocentric sea level rates allows estimation of the geocentric rate of VLM at the tide gauges.
However, the geocentric rate of sea level change is not well resolved at the sub-1 mm/yr level at the
regional scale (e.g., Spada & Galassi, 2012), and the relative sea level rates are most useful to define the
differential vertical rates between tide gauges.

2.4. Leveling

Leveling data provide spatially dense and precise estimates of vertical deformation spanning 30-70 years
along two routes that cross the major structures associated with the Ventura Basin and WTR (Buchanan-
Banks et al., 1975). We use the unadjusted line data, with orthometric, rod, level, temperature, astronomical,
refraction, and magnetic corrections applied by the National Geodetic Survey as appropriate (Federal
Geodetic Control Committee, 1984). We analyzed 23 first-order and 2 second-order leveling lines that repeat-
edly surveyed a coastal route between the Santa Monica and Port San Luis tide gauges and a route north
through the ranges along Ventura Avenue, extending to Ojai along Highway 33 (Figure 1, Table 3).

Table 2
Tide Gauge Locations, Spans of Data, Estimated Rates and Uncertainties

Total Adjusted rate Adjusted rate
Tide gauge Longitude Latitude  Start End months (mm/yr) uncertainty (mm/yr)
San Diego —117.173 32714 1906.04 2016.96 1,317 2.04 0.21
La Jolla —117.258  32.867 1924.87 2016.96 1,071 2.04 0.23
Newport Beach —117.883 33,603 1955.62 1993.96 461 1.89 0.33
Los Angeles —118.272 33720 192396 2016.96 1,117 0.87 0.22
Santa Monica —118499 34.008 1933.04 2016.96 879 1.25 0.28
Santa Barbara —119.690 34406 1973.96 2016.96 306 0.04 0.36
Port San Luis —120.757 35.172 194554 2016.96 823 0.71 0.28
Monterey —121.889 36.605 197396 2016.96 517 1.27 0.40
San Francisco —122465 37.807 1900.04 2016.96 1,402 1.91 0.29
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Table 3

Leveling Lines Used in This Study

We have developed a new analysis strategy that takes advantage of the
large volume of available data and estimates relative uplift rates of bench-

Line name Order/class Mean date Precision (mm)? marks surveyed in multiple epochs with a time-series approach. First, we
74203 12 1920.055 2158 combine overlapping lines that were surveyed in the same year into
82725 1/2 1928719 173 longer continuous lines based on the elevations of benchmarks at the line
L1766 1/2 1934.323 1.31 junctions. Next, we select sections of the leveling routes covered by a con-
L5800 2/0 1935.242 1.84 sistent set of leveling lines observed in multiple epochs. We then shift the
::23;8 lg lgzgggl 1; benchmark elevations in this set of line data to match on a common refer-
L8687 12 1939.763 1.66 ence benchmark, selecting a stable one with the maximum number of
19449 1/2 1942.092 134 epochs. This generates relative heights of each benchmark along the route
L10511 2/0 1943.193 323 relative to the reference mark at the observed epochs, and we analyze the
L12128 172 1947.419 2.68 time series of relative vertical displacements for each benchmark observed
:jgg;; lg 1222‘31;16 1:; in at least three epochs. Based on preliminary inspection, we exclude two
L16345 12 1956.998 159 leveling lines surveyed in the period of 1968-1971 because the elevation
L17778 12 1960.152 1.77 data from these epochs are outliers in the time series for many bench-
L17847 1/2 1960.253 1.37 marks, which may indicate systematic error. Least squares lines fit to the
L17853 172 1960.342 1.24 benchmark elevation time series provide estimates of rates and uncertain-
::;;:Zg m Bgiggg g?; ties of vertical motion of benchmarks relative to the reference benchmark.
124298 11 1978.078 0.63 The rate uncertainties from the misfit to the linear model encompass both
124301/2 11 1978.179 0.69 local benchmark stability as well as survey errors.

ti:;g;” 12 1222:‘1‘2; (1):4612 The coastal leveling route between the Santa Monica and Port San Luis
125174 12 1989.379 0.99 tide gauges comprises four sections of leveling data analyzed in this fash-
125177 1/2 1989.441 1.16 ion, and the Ojai line and three smaller sections north of Port San Luis form
L25180 1/2 1989.490 0.99 spurs off of the main route. Rates from sections of the leveling network are
3Reported uncertainty over 1 km distance. For lines that were not double-  shifted into alignment with neighboring sections at junctions where com-

run over the full line length, the reported precision is for single-run mon benchmarks are included in two sections. This yields relative uplift

leveling.

rates across the full leveling network in a consistent, local reference frame

defined by one of the section reference benchmarks. Notably, the leveling
rate field includes the primary benchmarks of tide gauges along the route. Thus, following the adjustments of
the leveling data, the tide gauge rates (Table 2) and leveling rates (Table 3) are aligned and refer to the
same datum.

Lastly, we exclude locally unstable benchmarks with discrepancies in vertical rate > 1 mm/yr relative to
neighboring monuments as defined by a median calculated over a 10 km moving window in run distance.
The threshold is increased to 2 mm/yr in areas of rapid subsidence, where the steep spatial gradients in uplift
rate are not well characterized by the moving median. These thresholds greatly exceed the estimated
0.2 mm/yr 1 sigma uncertainty over 10 km estimated for random leveling error. Of the 226 total benchmarks,
25 were excluded as being locally unstable, with 22 of these subsiding relative to neighboring monuments.
This tendency of >85% of unstable benchmarks settling is similar to previous observations from Cascadia
(Burgette et al., 2009).

Uncertainties in the leveling-derived uplift rates due to accumulated random survey error are estimated
using median precisions for the leveling lines involved as reported in the NGS data, and a common time span
based on the median time span of observations for the benchmarks in the analysis (Burgette et al., 2009).
These uncertainties grow with the square root of distance from the tide gauges and inland from the coast
for the spur line north from Ventura. The rate uncertainties from the distance-dependent survey error are
combined in quadrature with the estimated benchmark-specific uncertainties derived from the time series
analysis to obtain the total rate uncertainty.

3. Analysis
3.1. Alignments and Mosaicking

To align all of the techniques together we create a mosaic of vertical rates by aligning each rate field with the
GPS-defined reference frame. The alignment procedure occurs in four main steps: (1) Estimate and subtract
geographically constant shifts between leveling/tide gauge and GPS vertical rates, (2) align each InSAR
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mission/track/frame set to the GPS LOS rates, (3) remove the signal of known horizontal deformation from
the InSAR LOS and project the remaining signal into the vertical direction, and (4) align each InSAR vertical
rate map into a mosaic map of the estimated vertical rate field.

3.1.1. GPS Imaging

To estimate and remove differences in rates between the data sets, we use the GPS Imaging algorithm,
which was originally developed to perform robust despeckling, filtering, and interpolation of vertical rate
fields from GPS data (Hammond et al., 2016). The algorithm identifies the part of a spatially variable signal
that is locally consistent among multiple stations, making it insensitive to outlying rates of arbitrary mag-
nitude as long as they are isolated, that is, present locally in only a single station. First, filtering is applied
to point data (e.g., at GPS stations) so that the value at every station is replaced by the weighted median
of values at neighboring stations connected via a Delaunay triangulation of the network. Interpolation of
the filtered field is achieved by introducing a grid, and at every point performing an ad hoc triangulation
to the nearest GPS stations and assigning the weighted median of the nearest vertical rates to the grid
point. In the resulting interpolation, the value at every point is a function only of the values at neighbor-
ing stations, so the geographic resolution of the derived field is a function only of the GPS network spa-
cing and not of any preassumed spatial wavelength. Therefore, the stability and appearance of the field
(e.g., Figure 3) are not derived from classical smoothing, so discontinuities in the field will be preserved if
they are resolved by the station spacing. The weighting is a function of distance, data uncertainty, and
spatial structure function that is derived from the data itself. The method has properties akin to both
median spatial filtering in image processing and geostatistical Kriging analysis, but least squares are
not invoked (Hammond et al., 2016).

GPS Imaging is particularly useful for alignments between geodetic techniques in this case because tie points
in the two data sets (e.g., GPS and leveling) are not always colocated, and there can be variable distance
between a tie point and its nearest GPS station. To find the misfit field between the data sets, we use the algo-
rithm to perform robust interpolation, not to a grid of values but from the locations of one method (e.g., GPS)
onto the locations of the other (e.g., leveling). The robustness of the resulting differences make the shifting of
one technique to another insensitive to outliers, account for uncertainties in the data, and give lower weight
to ties with greater distance between them.

3.1.2. Tide Gauges Aligned With Leveling Lines

As part of the analysis described above we aligned the leveling and tide gauges together to check for con-
sistency and remove the effects of leveling error at the 100 km scale (Burgette et al.,, 2009). This alignment
is generally strong because the tide gauges have close ties to the leveling benchmarks as part of the network
design. The coastal leveling route runs northwest from the Santa Monica tide gauge through Santa Barbara,
to the Port San Luis tide gauge. We assume equal rates of geocentric sea level rise along this section of the
coast, so that the negative of the relative sea level rise rates are the relative VLM rates between the gauges.
Leveling-derived uplift rates referenced to the Port San Luis (PS) and Santa Monica (SM) tide gauges misfit the
uplift rates from the discontinuous Santa Barbara tide gauge record by 2.2 and 2.8 mm/yr, respectively (with
the Santa Barbara tide gauge uplift rate estimate exceeding the leveling uplift rate estimates). These misfits
greatly exceed the combined uncertainties of 0.7 and 0.6 mm/yr, respectively. Further inspection of the local
leveling conducted at the Santa Barbara tide gauge indicates that the primary benchmarks for different por-
tions of the records were moving relative to one another at a vertical rate of ~1.2 mm/yr. The rate discrepancy
between the relative tide gauge rates and relative leveling rates between the PS and SM tide gauges is
0.4 mm/yr (with the tide gauge estimate indicating a greater uplift rate of PS relative to SM), within the 1
sigma propagated uncertainty estimate of 1.0 mm/yr (combined leveling and tide gauge rate uncertainties).
In light of these observations, we choose to reference the leveling rates to the relative tide gauge rates
derived from the longer, more continuous records at the PS and SM tide gauges. The leveling rates are
aligned to the tide gauge rates by both shifting and tilting over run distance in a weighted mean adjustment
(Burgette et al., 2009), with weights determined from distance-dependent leveling uncertainties and the tide

gauge rate analysis.
3.1.3. Leveling Aligned with GPS

In the next step we add a geographically uniform shift to the rates of the 201 leveling stations plus four tide
gauges so that the rates reflect measurement of VLM in NA12. To estimate the size of the shift we interpolate
the vertical GPS velocities to the location of the leveling stations using GPS Imaging as described above. We
estimate the shift by taking the weighted median of the difference between leveling and GPS Imaging vertical

HAMMOND ET AL.

845



@AG U Journal of Geophysical Research: Solid Earth 10.1002/2017JB014499

- ©  GPS Imaging (arbitrarily shifted up) A%AA ‘
maging (arbitrarily shifted up
10 L[A !
A Leveling A éA
| 1 1 | 1
0 50 100 150 200 250
Distance from most northern leveling benchmark (km)
N 50 %
60 |[B] o :
5 40 ¢ .
€ 40 E €307 =
>3 - >3 -
[e] - o =
o . O 20+ C
20 . .
- 10} :
0 : 0 : n = |
-5 0 5 10 15 0 5 10 15 20 25
Distribution of difference between leveling and Distribution of distance (km)
GPSImaging vertical rate (mm/yr) at leveling location from leveling mark to nearest GPS station

I

4+

Leveling Vertical Rate Shifted to GPS (mm/yr)
A

_6 L
_8 L
10 F 7/
/
/
-12 y
/
-14 . . ui
-10 -5 0 5

GPS Imaging Vertical Rate at Leveling Marks (mm/yr)

Figure 5. (a) Vertical rates from leveling line and GPS Imaging estimates of vertical rate at location of leveling benchmarks.
GPS rate is shifted upward arbitrarily for figure clarity. (b) Histogram of difference between GPS Imaging (without arbitrary
shift) and leveling rates in mm/yr. Weighted median value is shown with dashed vertical line. (c) Histogram of the distance
between each leveling benchmark and the nearest GPS station. Dashed line indicates distance to nearest GPS station inside
which a leveling station was used for alignment of leveling to GPS. (d) Scatter plot of GPS Imaging vertical rates at leveling
stations versus leveling vertical rates after shifting into GPS reference frame. Uncertainties in the rates are 2c. Diagonal
dashed line indicates where GPS and leveling rates would be equal.

rates (Figure 5). Because the leveling data are more geographically dense than the GPS stations and follow
coastal highway routes, they tend to sample areas of known rapid subsidence in, e.g., the Oxnard Plain of
the Ventura Basin. In these locations we expect a poor fit between leveling and GPS because the nearest
GPS station may be on an adjacent mountainside or other more stable locations. We address this spatial
component of misfit in two ways. First, in calculating the shift between leveling and GPS we limit the data
to leveling stations to within 5 km of a GPS station with a vertical rate, reducing the number to 47
locations. Second, we use a weighted median to estimate the shift, which guards against the bias
introduced by the presence of a few large outliers in vertical rate difference between the two techniques.
The resulting shift applied uniformly to the leveling rates is upward 1.29 mm/yr.
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Figure 6. (top) Comparison between time series of height from different techniques. Time series of tide gauge measure-
ments based on data from Port San Luis (PS) differenced with data from Los Angeles (LA) flipped and trend adjusted to

represent crustal motion in NA12 (white circles). Leveling time series from benchmark FV0346 nearest to PS (white triangles
with uncertainty bars) with trend adjusted to represent crustal motion in NA12. Time series of height of nearest GPS station to
PS DCAN (gray circles). Data are shifted arbitrarily for plot clarity. (bottom) Close up of top plot for years 2000 through 2017.

The relationship between the shifted leveling rates and GPS Imaging interpolated rates is shown in Figure 5d.
The median uncertainty in the leveling rates is 0.72 mm/yr, while the RMS difference between leveling and
GPS rate is 2.10 mm/yr, where the leveling rates vary from —11 to 3 mm/yr. This is an indication that the level-
ing rates record larger variations in vertical rate than do the GPS data near the Ventura basin (Figure 5a) and
record significant signal that is not present in the GPS velocity field. This can be seen in the leveling stations
that subside more rapidly than the nearest GPS stations (rates near —11 mm/yr in Figure 5), particularly those
that lie on the Oxnard Plain (colored white in Figure 5d), which is without direct GPS observation but has
been shown with InSAR to be subsiding (Marshall et al., 2013). Where they are colocated, the aligned leveling
time series have similar trends to nearby GPS stations even though they are measured over different times
and time spans. This suggests that they both measure the same secular VLM (Figure 6). Including the aligned
leveling with the GPS data in the GPS Imaging analysis significantly enhances geographic resolution of
coastal subsidence compared to the GPS-only analysis (Figure 3b).

3.1.4. Tide Gauges Aligned With GPS

Since tide gauge rates are tied to the leveling during the analysis, the same 1.29 mm/yr shift is applied to the
tide gauges (after flipping the tide gauge rates so they represent VLM with respect to sea surface). As a check
we estimate how well the aligned vertical rates at tide gauges compare to GPS Imaging rates at the tide
gauge locations (Figure 7a). The relationship indicates that the Santa Monica and Port San Luis tide gauges
experience VLM that is to within uncertainty the same as the rate estimated using GPS Imaging. Also where
they are colocated with GPS, the flipped and shifted tide gauge time series show similar trends (Figure 6).
However, for the Santa Barbara and Los Angeles tide gauges, the rates are just significantly greater than
the GPS Imaging rates, though the differences are small, less than 1T mm/yr in each case. One interpretation
is that geographic variation of VLM contributes to greater rates at the tide gauges compared to expectation
based on the nearest GPS stations by <1 mm/yr. In this case the addition of the tide gauges adds significant
new information to the vertical rate field by constraining VLM at new locations. However, the disagreement
between tide gauge and interpolated vertical GPS rates is not a strong function of distance between their
locations (Figure 7b). One possibility is that VLM varies at the <1 mm/yr level over shorter distances than
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gauge vertical rate and interpolated GPS vertical rate as a function of distance between tide gauge and nearest GPS station.
Uncertainties (20) are the square root of the sum of squares of GPS and tide gauge vertical rate uncertainties.

the space between stations. Such short wavelength variation of VLM has been observed between some tide
gauge benchmarks over 10> m length scales elsewhere (Burgette et al., 2009). It is also possible that reasons
unrelated to VLM are behind the differences, for example, oceanographic trends that are not constant among
the tide gauges (e.g., Stammer et al., 2013), factors influencing nearby GPS stations, or other contribution that
make the actual uncertainties greater than we find in our analysis. Installation of GPS stations at the tide
gauges, and collecting long observation records, would be particularly beneficial to resolving these
matters and refining these alignments.

3.1.5. InSAR Aligned with GPS

In this step we bring the InSAR LOS rate images into the GPS reference frame. Owing to the various uncertain-
ties in radar data processing and imaging, InSAR line of site rate maps are well known to have errors in the
longest wavelength signals within the scenes. These errors can be conveniently addressed through a combi-
nation with GPS data since GPS networks are widespread, the data are easy to access and have the most pre-
cise vertical rates available (e.g., Gourmelen et al., 2010; Tong et al., 2013; Wei et al., 2010). We project the
three-component GPS velocity into the radar line of site direction at each GPS site given the mission/track/
frame look geometry obtained from the SAR satellite orbits, allowing for the variation of the look direction
within each scene. Since the LOS is close to vertical, this step can be performed only with GPS velocities that
have stable vertical rates, which we have ensured by using our stringent selection criteria in section 2.1. We
sample the radar LOS rate field at the GPS station locations and estimate a median InSAR LOS rate inside a
circle of radius 0.5 km.

We then minimize the misfit between the InSAR and GPS rates in the LOS direction by estimating and
subtracting a misfit field using GPS Imaging. We use this transformation instead of a linear or quadratic
estimate of an error ramp because we assume that long wavelength differences between InSAR and
GPS are primarily attributable to errors in the InSAR rate maps. Thus, the InSAR is expected to add only
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Figure 8. Example for Envisat track 170, frame 2925 showing the relationship between the GPS and InSAR LOS rates before
and after the alignment is applied. (a) INSAR LOS before alignment, (b) relationship between InSAR and GPS LOS rates at
GPS stations before alignment, (c) InSAR LOS after alignment, (d) relationship between InSAR and GPS LOS rates at GPS
stations after alignment, (e) misfit surface determined by GPS Imaging that is the difference between Figures 8a and 8c. In
Figures 8a and 8c black dots are locations of GPS stations. Color scale is set automatically in each panel to reflect range
of data and is chosen to be different than the —3 to 3 mm/yr color scale we use for vertical motion.

signals with wavelengths near or less than the GPS station spacing. This is similar to the remove/filter/
restore strategy of, for example, Wei et al. (2010) and Tong et al. (2013) except that GPS Imaging is
not a spectral-based method and removes all disagreement between InSAR and GPS, though it derives
a robust field that is insensitive to outliers in the misfit field. Figure 8 shows an example of the
adjustment for Envisat track 170, frame 2925, and the rates before and after the alignment is applied,
and these are shown for all track frames in the supporting information. After alignment, the RMS
difference between InSAR and GPS LOS rate is ~1 mm/yr.

To compensate for the effects of horizontal interseismic crustal motion, we remove from each LOS rate field
the expected contribution from horizontal motion. To estimate this we use the MIDAS horizontal GPS velo-
cities projected into the local LOS and interpolate them onto a grid using GPS Imaging. We use the same
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ground to satellite look vector fields used in the previous section and subtract the projected signal from the
LOS rate map. What remains is an estimate of the LOS component of the signal attributable to vertical ground
motion. We project the LOS to estimate vertical motion using the angle between vertical and the ground to
satellite look vector 8(x,y):

Vup(X,¥) = vios(x,y)/ cos(0(x,y)) (1)

where x and y are latitude and longitude, respectively. The look directions for the ERS and Envisat scenes are
between 19° and 27° from vertical. Thus, scaling of v| o5 to get v, is small, about a factor of between 1.058
and 1.122.

3.1.6. Mosaicking InSAR

In the final step, we make a mosaic by shifting the individual InSAR vertical rate track/frame maps to mini-
mize misfit between the rates from GPS and the leveling and tide gauges. Though the InSAR rates were
already transformed into the GPS LOS reference frame, this final alignment step is prudent because it is
constrained by vertical rates from all three of the techniques (i.e., leveling and tide gauges are added in)
and results in less pronounced discontinuities at the seams between overlapping radar scenes. We order
the scenes to maximize overlap during mosaicking iterations by first selecting the scene with the stron-
gest distribution of GPS + leveling + tide gauge locations to constrain the alignment, in this case the
ERS track 442 frame 2907 (Figure 1). We then select the next mission/track/frame that has the greatest
amount of overlap with the mosaic in the previous step, aligning and merging iteratively until all scenes
are included. To minimize disagreement at the INSAR scene seams, the alignment misfit surface is derived
from all techniques including InSAR data already in the mosaic from previous iterations. The result
(Figure 9) shows notable agreement between the techniques, indicating that the alignments are success-
ful in removing long wavelength errors in the InSAR data. Some zones of subsidence indicate that down-
ward motion is resolved independently in INSAR and GPS (e.g., in the Cuyama Valley near latitude 34.9°,
longitude —119.6°). Other examples include agreement in downward motion in the Los Angeles, Ventura,
San Joaquin, and Antelope basins in the western Mojave, and in uplift west of the SAF.

HAMMOND ET AL.

850



@AG U Journal of Geophysical Research: Solid Earth 10.1002/2017JB014499

(mm/yr)

pinsar

Vu

Vup

gps (mm/yr)

Figure 10. Scatterplot of vertical GPS velocity compared to vertical velocity inferred from InSAR data within 0.5 km of the
GPS station. White circles are stations that lie within areas defined by the nontectonic motion mask in Figure 12. RMS
difference between GPS and InSAR vertical rates is 0.97 mm/yr before and 0.92 mm/yr after masking. Uncertainties in the
rates are 2c.

The mosaic provides greater detail that fills in gaps between the GPS stations; much of the precision and sta-
bility of the long wavelength features in the vertical rate field come from GPS which experiences little error in
long wavelength signal. Comparing the uplift pattern in Figure 9 to the GPS-only signal in Figure 3a shows
that the long wavelength features seen in GPS are preserved in the multitechnique mosaic, including the
uplift of the WTR. However, between GPS stations the rate and delineation of boundaries of subsidence
are improved by adding InSAR.

The weakest location in the alignment may be just inland from the coast near longitude —120.5° and
between latitude 34.6° and 35.2°, north of Point Conception, where we only have a single descending LOS
track/frame set, as we were not able to get a large number of coregistered scenes for Envisat track
256/2907. Short wavelength signals that alternate between positive and negative become more obvious
here, because they are near a change in color scale polarity from blue to red. Furthermore, GPS coverage
is relatively poor here (several recently added stations do not yet have long enough time series to pass our
exclusion criteria), so there is greater uncertainty in the uplift field in this location.

The degree to which the InSAR vertical rates agree with GPS after alignment is shown in Figure 10. We com-
pare the vertical GPS rates to the InSAR rates by taking the mean vertical InSAR rate inside a circle of radius
0.5 km around each GPS station. The uncertainty in the GPS is derived from the MIDAS velocities and the
uncertainty in the InSAR rates is estimated from the RMS scatter of InSAR rates within the 0.5 km circle.
The RMS difference between GPS and InSAR rates is 0.97 mm/yr, similar in size to the maximum uncertainty
in the GPS velocities used in this analysis (Figure 2c), which we take as a measure of the uncertainty in the
aligned InSAR rate field. The scatterplot in Figure 10 suggests that the greatest misfits between InSAR and
GPS are at the stations that are subsiding fastest. These locations tend to be those experiencing nontectonic
effects in basins affected by groundwater or hydrocarbon extraction (Argus et al., 2005; Bawden et al., 2001;
Marshall et al., 2013; Watson et al., 2002). They also have the greatest changes in their rates over time, as cli-
mate and aquifer management influences the rate of groundwater-related subsidence. Generally, when the
misfits are largest the GPS rates are subsiding faster compared to the InSAR rates. This may be because InNSAR
time series go back to 1992, while all GPS data we consider were collected after 1996 and most were collected
after 2005 (Table 1). This is consistent with subsidence rates that increased over time, with GPS seeing faster
rates of subsidence in the later period over which they were collected.

An additional measure of uncertainty in the INSAR occurs where overlap in the scenes generate visible dis-
continuities. These areas of overlap are an ongoing issue with creating mosaics of INSAR scenes since differ-
ent error sources combine to create them (Shirazaei, 2015). Our analysis corrects for look angle effects so the
seam discontinuities are likely errors from, for example, atmosphere, that have a mismatch in adjacent
track/frame sets, so the magnitude of the steps can provide insight into the size of these errors. The size of
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Figure 11. (a) Coastal profile of vertical velocities given by all four measurement techniques within 10 km of coastline
aligned to common reference frame. Text below data indicates tide gauge locations. (b) Ojai profile, vertical rate as func-
tion latitude from coast to San Andreas Fault. Uncertainty bars plotted are 2c. The four-character ID of GPS stations are
shown above their location. The horizontal blue bar indicates zero vertical velocity in the NA12 reference frame. The light
blue horizontal dashed bar indicates the mask level (see text and Figure 12).

discontinuities in the vertical rates across seam boundaries vary from zero to ~1 mm/yr. Thus, while these
seams are quite clear to the human eye, they are consistent with the overall error in the InSAR rate field
and hence are mostly not significant.

3.2. Vertical Rate Field Uncertainty

The median aleatory rate uncertainties are 0.23 mm/yr for tide gauges, 0.51 mm/yr for GPS, 0.72 mm/yr for
leveling, and ~1 mm/yr for INSAR. Comparisons between the techniques, however, provide a more inclusive
measure of uncertainties because they reveal contributions not found in the formal uncertainties of indivi-
dual techniques. When, for example, rates from separate techniques at the same location differ slightly, it
may be because they measure motion over different times. In this case the intertechnique comparisons more
fully reflect the uncertainty in the long-term steady component of motion attributable to tectonic deforma-
tion. However, those comparisons can overstate uncertainty because the different techniques are not always
perfectly colocated. Thus, the single technique uncertainties are lower bounds, and comparisons are upper
bounds. In Figure 11 we show profiles of all four techniques plotted together along the coast from Port
San Luis to Los Angeles, and along the inland Ojai profile. The uncertainties are shown with error bars for
the GPS, leveling, and tide gauge data. In most cases the different methods plot within the error bounds

HAMMOND ET AL.

852



@AG U Journal of Geophysical Research: Solid Earth 10.1002/2017JB014499

or scatter of the other techniques, with some exceptions (e.g., the GPS station NIPO, near —120.58° longitude
in Nipomo, CA subsides at —5.2 £ 1.0 mm/yr, outside the range of the nearest leveling, InSAR, and tide gauge
measurements). The uncertainties are small enough to preserve the signals of uplift, while being large
enough to reckon broad agreement between techniques.

A separate indicator of the stability of the imaging is the similarity between the histograms of InNSAR and GPS-
derived signals (Figure 2). Both the INSAR and GPS distributions exhibit a hump on the right and a long tail on
the left. The hump reflects the part of the landscape experiencing interseismic surface uplift. The tail on the
left indicates the relatively fast downward motion owing to nontectonic subsidence in basins, discussed in
the next section. The similarity between the distributions suggests (1) that both are sampling the same
underlying field of vertical motion of Earth’s surface, regardless of source, despite the fact that the two data
sets are collected over slightly different periods of observation and/or (2) the aligned InSAR rates adopt the
long wavelength uplift signal of the GPS but also preserves the subsiding areas that give it the long tail. This
suggests that the underlying rate field responsible for these features is steady over the periods covered by
both sets of observations.

3.3. Separation of Tectonic Versus Nontectonic Signals

One goal of this research is to derive a vertical rate field that constrains interseismic tectonic deformation and
fault slip rates (Johnson et al., 2014; Marshall et al., 2017). For that application areas that represent nontec-
tonic deformation should be removed. We see rapid subsidence in the Ventura basin, Los Angeles basin,
Cuyama Valley, Chino Valley, Antelope Valley in the western Mojave Desert, and southern San Joaquin
Valley, that are likely related to groundwater changes and in some cases hydrocarbon pumping (Figure 9).
In most cases subsidence is more rapid in absolute terms than uplift, occupying the left tail in Figure 2. In
many cases the boundaries of the basin-related signals are sharp and are fault controlled, as seen in previous
studies (Argus et al., 2005; Bawden et al., 2001; Watson et al., 2002; Wisely & Schmidt, 2010). We find, like
Lanari et al. (2004) and Brooks et al. (2007) variable uplift/subsidence along the coast near Los Angeles and
Palos Verdes and uplift between Downy and La Habra possibly associated with fluid recharge under an
exceptionally high concentration of historical oil wells (CA Department of Conservation, Division of Oil,
Gas, & Geothermal Resources, 2016). In the San Joaquin Valley the InSAR outlines complicated patterns of
subsidence known to be associated with aquifer withdrawal (Farr & Liu, 2015; Sneed et al.,, 2013; US.
Geological Survey California Water Science Center (USGS CWSC), 2017).

We separate nontectonic from tectonic signals using a masking approach based on geodetic signal char-
acteristics. Areas subject to groundwater withdrawal tend to be areas with rapid subsidence and larger
amplitude of annual motion (Amos et al, 2014; Argus et al,, 2005; Bawden et al., 2001; Lanari et al.,
2004). We create a mask by selecting areas of the rate field that subside more quickly than —2.5 mm/
yr and have annual terms of oscillation from InSAR or an interpolation of the annual terms in the GPS
time series larger than 2.0 mm. We use GPS Imaging to estimate annual terms at every point on the grid
(Figure 12). The mask covers ~8% of the figure and omits areas in the southernmost San Joaquin Valley,
western Mojave, coastal Ventura basin, and a substantial portion of the Los Angeles basin. Masked areas
are very similar to those shown on the USGS online subsidence map (USGS CWSC, 2017). In Figure 10 the
effect of the mask on which data are omitted is shown by coloring points within the mask white, which
confirms that areas with the most negative rates and greatest misfit between InSAR are GPS, are masked
out. A few GPS stations moving downward over 5 mm/yr remain unmasked, suggesting that the mask is
conservative and could be extended more to exclude more of the area as moving nontectonically. While
much of the downward moving areas are associated with aquifers, some of the subsidence may be tec-
tonic in origin (Nicholson et al., 2007; Pinter et al., 2003; Sorlien et al., 2013), so we do not want the mask
to remove all areas of subsidence too aggressively.

4, Results and Discussion

The mosaic shown in Figures 9 and 11 shows that the rates and patterns of contemporary VLM are geogra-
phically coherent, agree between techniques, and are characteristic of the interseismic signal associated with
contraction across thrust faults around the Ventura area and WTR. The consistency of the most rapid signals
seen in both the terrestrial and satellite data, notably subsidence of the Ventura basin and uplift of WTR
(Figures 9 and 11), indicate that these movements persist over much of the past century. Likewise, the
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Figure 12. Areas with red shading are those identified in the analysis as having nontectonic motions. These areas include
the groundwater aquifers in the Los Angeles basin, southern Great Valley of California, western Mojave Desert, western-

most Ventura Basin, plus a number of other smaller areas with isolated nonlinear behavior and show a strong resemblance
to known ground water subsidence features (see https://ca.water.usgs.gov/land_subsidence/california-subsidence-areas.
html, USGS CWSC, 2017).

linear trends of tide gauges are consistent with VLM rates being steady over the past century at the tide
gauge locations (Figure 6). The observed compatibility of data collected with very different techniques
over nonoverlapping time periods (in the case of leveling versus satellite data) suggests that the rate field
reflects processes that are long lived and associated with tectonics and the earthquake cycle.

Most obvious to the eye is the signal of gradually varying 1-2 mm/yr uplift west of the San Andreas Fault
(SAF) extending about half way to the coast between Santa Monica and Port San Luis (Figure 9). The upward
signal is remarkably continuous along strike with the SAF, extending from the Coast Ranges to the north,
through the WTR north of the Santa Barbara channel, connecting southward to a wedge-shaped zone of
~T mm/yr uplift between the SAF and San Gabriel/Sierra Madre fault system. This section of the uplift field
is centered and roughly limited to the extent of the crustal block that includes the San Gabriel Mountains,
with a slight gap in the pattern near the Soledad and Clearwater faults. Here the uplift is highly asymmetric
across the Mojave section of the SAF, upward on the west side and zero downward on the east side. In the
Mojave Desert the motion is consistently downward at a rate of —1 to 0 mm/yr that extends as far as the east-
ern limit of our study area (longitude —117.3°). The approximate location of the Garlock fault bounds the
Mojave subsidence to the north, similar to the findings of Fay et al. (2008). We also see ~0.5 mm/yr of uplift
on the eastern Santa Monica Mountains, suggesting that interseismic uplift is active north of the Hollywood
and Santa Monica faults, similar to geologic rates tabulated by Niemi et al. (2008). Throughout the study area
there are some similarities to the observations of Howell et al. (2016), for example, uplift in the Coast Ranges
and western WTR. However, our observations are different in the Mojave where they observed uplift, and we
see subsidence (more similar to their physical model). Compared to the vertical GPS rates of Marshall et al.
(2017), which have a maximum near 1 mm/yr, we find slightly higher maximum rates (~2 mm/yr) with more
spatially continuously uplift in our mosaic (Figures 9 and 11) compared to their interpolation of GPS rates. In
the southern Mojave Desert (near longitude —117.4°) our uplift field begins to bleed across the east side of
the SAF near the San Bernardino Mountains where the high topography of the WTR also flips over to the east
side of the fault. Branching off the SAF near the Big Bend, a band of uplift extends northeast, between the
Garlock and White Wolf fault zones.
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Uplift patterns we observe coincide with features in some other data that bear on the physical state of the
Earth's crust in southern California. For example, there is a similarity between the pattern of uplift and the dis-
tribution of high topography and active faulting; the WTR experience uplift, while the lower lying areas such
as the Oxnard Plain and much of the Mojave Desert move downward. The areas of uplift tend to have denser
concentrations of microseismicity, for example, west of the SAF, in the San Bernardino Mountains east of the
SAF, in the Transverse Ranges, and between the Garlock and White Wolf Fault north of the Mojave Desert
(Hardebeck & Hauksson, 2001), suggesting they may be under greater crustal stress. There is also a similarity
between the locations of uplift and (1) the highest magnitude horizontal crustal strain rate (e.g., Kreemer
et al, 2012; Shen et al., 1996), (2) locations of earthquakes with a predominance of thrust mechanism style
of faulting (U.S. Geological Survey and California Geological Survey, 2006), (3) locations with high misorienta-
tion between crustal strain rate and stress orientation (Yang & Hauksson, 2013), and (4) greater crustal thick-
ness (Fuis et al,, 2001; Kohler & Davis, 1997). Together, the observations are plausibly consistent with the
vertical rate field being an effect of active crustal shortening, with the SAF acting as a near-vertical buttress
keeping contraction to the southwest of the SAF.

An additional observation suggests that the observed uplift field is primarily a feature of WTR crustal contrac-
tion. The compilation of Niemi et al. (2008) shows that long-term uplift rates at the Santa Barbara coast
exceed 1T mm/yr, whereas the interseismic velocities (Figures 9 and 11) show mostly subsidence from the
Santa Monica Mountains through west of Santa Barbara. The north-south profile crossing these faults
(Figure 11) indicates that InSAR, leveling and GPS agree on this downward-toward-the-coast gradient
(Figure 11b), where subsidence rates are as fast as —1 mm/yr. Reconciling the disagreement between
long-term uplift and interseismic subsidence with north-south crustal contraction is characteristic of fault-
based models of the earthquake cycle that includes backslip in the shallow locked region (Freund &
Barnett, 1976; Huang et al., 2010; Savage, 1983). In these models the maximum uplift rate occurs above
the bottom of the locked section and results in downward elastic flexing on the footwall side of the fault
(Johnson et al., 2014; Marshall et al., 2013). For the thrust faults in the Ventura area and Santa Barbara channel
that accommodate contraction across the WTR, for example, Red Mountain, Ventura and San Cayetano Faults
(Figure 1), the maximum uplift is predicted to be north of the fault traces by ~20 km, near the observed max-
imum in our uplift field. Offset of the most rapid uplift well to the north of the surface trace of the Ventura-
Pitas Point fault system is consistent with observations and modeling of Marshall et al. (2017) and supports
the existence of a ramp-flat geometry at depth. The greater along-strike continuity of this area of rapid inter-
seismic upliftimaged here suggests that the deeper crustal ramp may be continuous to the east, downdip of
the San Cayetano fault. A large, connected fault ramp underlying these structures has been argued on struc-
tural grounds (Hubbard et al., 2014), and the continuity of rapid interseismic uplift is consistent with large
magnitude vertical paleo-earthquake displacements on these faults (McAuliffe et al, 2015; Rockwell
etal, 2016).

The effect of elastic crustal rebound associated with groundwater withdrawal contributing to uplift signals in
California has been recognized previously (Amos et al., 2014; Borsa et al.,, 2014; Holzer, 1979). It is likely that
hydrological unloading attributable to aggressive groundwater pumping during the California drought per-
iod (2011-2016) drives some of the uplift around the perimeter of the San Joaquin Valley (SJV). However, it is
unlikely that groundwater unloading from the SJV extend as far south as the southern end of the San Gabriel
block and beyond, the extent of the observed uplift. Furthermore, the correlation of the uplift with the
boundaries of the WTR and San Gabriel block, and the consistency between short-term and long-term geo-
detic observations, together suggest that the uplift is a longer-term response to plate boundary tectonics
expressed through interseismic earthquake cycle deformation.

5. Conclusions

We combine four geodetic techniques to obtain a map of contemporary bedrock VLM across the WTR of
southern California. The geodetic techniques have complementary strengths, with the precision and global
reference frame from GPS, blanket coverage from InSAR, and decades long observation from leveling and
tide gauges. We create a mosaic of VLM using ties between the techniques and the GPS Imaging algorithm
for robust median-based estimation to minimize the intertechnique misfits. The uncertainty in the rate field
is ~1 mm/yr.
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The results of the alignments show coherent patterns of VLM across the WTR associated with interseismic
uplift and strain accumulation on active thrust faults, revealing important features of deformation of the
lithosphere. The uplift is highly asymmetric across the Mojave section of the SAF, with areas east of the
fault moving downward as fast as 1 mm/yr and areas west of the fault moving upward 1-2 mm/yr. This
uplift feature follows the SAF throughout our study area, extending from the San Bernardino Mountains
to the central California Coast Ranges, downdip of the traces of major WTR faults. Everywhere along this
uplift zone the VLM trends downward toward the Pacific coastline. The signals associated with ground-
water basins do not represent long-term tectonic deformation and can be recognized from their high
rates of, or time variability of, subsidence. We use these features to create a mask to filter out nontectonic
deformation to emphasize uplift patterns that reveal active processes deforming the WTR crust. We con-
clude from the relationship between uplift with the faults and boundaries of the WTR and San Gabriel
block, and the consistency between short term and long-term geodetic observations, that the uplift repre-
sents interseismic deformation across thrust faults in the Ventura area and Santa Barbara channel that
accommodate contraction across the WTR.
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