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Global Positioning System (GPS) velocity solutions of the western United States
(WUS) are compiled from several sources of field networks and data processing cen-
ters for the 2023 U.S. Geological Survey National Seismic Hazard Model (NSHM).
These solutions include both survey and continuous-mode GPS velocity measure-
ments. I follow the data processing procedure of Parsons et al. (2013) for the
Uniform California Earthquake Rupture Forecast, version 3 and McCaffrey, Bird, et al.
(2013) and Zeng and Shen (2013) for their WUS deformation models in support of the
2014 NSHM update. All GPS velocity vectors are first rotated to a common North
American reference frame. I edit the velocities to remove outliers and data with sig-
nificant influence from volcanism. The solutions are then combined into a final GPS
velocity field consisting of 4979 horizontal velocity vectors. I compute strain rates
based on these GPS velocities using the method of Shen et al. (2015). These strain
rates correlate closely with seismicity rates in the WUS. The results are used for
WUS geodetic and geologic deformation modeling in support of the 2023 NSHM
update.

Introduction
Modern Global Positioning System (GPS) velocities record
contemporary surface deformation across the western
United States (WUS) since late 1980s. These GPS observa-
tions measure ground motions with submillimeter per year
precision and are often more robust and precise than data
obtained from geologic studies. For the first time, the 2014
U.S. Geological Survey (USGS) National Seismic Hazard
Model (NSHM) update (Petersen et al., 2014) incorporated
GPS measurements directly into its models for seismic hazard
assessment. A common set of GPS velocity data (McCaffrey,
Bird, et al., 2013) was assembled at the time for crustal defor-
mation modeling in support of the NSHM project (Petersen
et al., 2013).

This article focuses on the GPS velocity field update. GPS
solutions are first collected from all available sources of field
networks and data processing centers. Following the same data
processing procedure of Parsons et al. (2013) for Uniform
California Earthquake Rupture Forecast, version 3 (UCERF3)
and McCaffrey, Bird, et al. (2013) and Zeng and Shen (2013)
for their 2014 WUS deformation models, these solutions are
rotated to a common North American reference frame and vet-
ted to remove outliers. The solutions are then combined into a
final GPS velocity field. Based on these velocities, I compute

strain rates and discuss their relation to seismic hazard consid-
ering their correlation with seismicity distribution across
the WUS.

GPS Data and Processing
GPS velocity solutions are compiled from seven sources.
Table 1 lists the origins of these sources. Most of these data
sources cover the entire WUS. The Pacific Northwest data
(McCaffrey and King, 2017) do not cover southern California.
The University of California San Diego (UCSD) Scripps
Institute of Oceanography campaign data (González-Ortega
et al., 2018) cover only the northern Baja California. Studies
have shown the importance of using vertical velocities to
constrain earth uplift in regional deformation models
(i.e., Hammond et al., 2018). Vertical velocities also provide
critical constraint to the locking pattern along the Cascadia
subduction plate (i.e., McCaffrey, King, et al., 2013). Errors
in vertical GPS data, however, tend to be high for the maxi-
mum error criterion of 2 mm/yr that is applied to the
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horizontal velocities. In addition, nontectonic deformations
recorded by the vertical data could further complicate the
modeling of fault-slip rates in the WUS (Argus et al., 2014).
For these and various other considerations for consistency,
we decide to follow previous data processing procedures
(McCaffrey, Bird, et al., 2013; Petersen et al., 2013) to consider
horizontal velocities only for the current deformation model-
ing in support of NSHM.

The Geodesy Advancing Geosciences and EarthScope
(GAGE) Facility GPS Data Analysis Centers produce position
time series and velocities for about 2000 continuous-mode
GPS (CGPS) operating stations around North America and
the surrounding area (Herring et al., 2016). The Plate
Boundary Observatory (PBO) is a part of this GAGE operation
with 1100 CGPS stations. The final product is assembled at
Massachusetts Institute of Technology (MIT) by merging
two independent GPS solutions. One is a point-positioning
based solution produced using the National Aeronautics and
Space Administration (NASA) Jet Propulsion Laboratory (JPL)
GIPSY/OASIS software at Central Washington University
(CWU). The other is a network-based double-differencing
product produced using the GAMIT software (Herring et al.,
2015) at the New Mexico Institute of Mining and Technology.
After removing coseismic and postseismic responses, seasonal
variations, and other transient signals, GAGE analysis gener-
ates combined positioning time series and secular velocity rel-
ative to the North American reference frame NAM14. I acquire
the WUS PBO combined velocity product from the UNAVCO
Data Center in March 2020 (see Data and Resources), which is
the last released version of the PBO products. These PBO prod-
ucts are part of the 2018 GAGE project and are no longer
updated; only CWU products are processed and updated as
part of the current GAGE project.

Developed at the Nevada Geodetic Laboratory (NGL), the
Median Interannual Difference Adjusted for Skewness
(MIDAS) algorithm is a robust GPS time-series trend

estimator. After GPS time series are produced by NGL using
the GIPSY software, MIDAS is applied to produce GPS veloc-
ities for CGPS stations around the globe. The MIDAS velocity
product successfully removes data outliers, steps (i.e., coseismic
offsets), and seasonal signals (Blewitt et al., 2016). The MIDAS
velocity product for the WUS is obtained from the NGL
website. Their velocity field includes solutions from semicon-
tinuously operating stations operated by NGL, called the
MAGNET GPS network. This network provides dense station
coverage along the Walker Lane and most of western Nevada.
Its data product is crucial for resolving fault-slip rates and
crustal deformation west of the Basin and Range province.
Although the postseismic signals are not specifically removed,
velocities fromMIDAS do not show significant biases in ampli-
tude and azimuthal direction due to postseismic deformations
from large California earthquakes. Examples are the 2010
M 7.2 El Mayor–Cucapah earthquake and the 1992 M 7.3
Landers and 1999 M 7.1 Hector Mine earthquakes, when I
compare velocities from MIDAS to other GPS velocity prod-
ucts (i.e., the PBO and University of California Los Angeles
[UCLA] solutions) in these earthquake source areas. Any
differences between MIDAS and other velocity fields are attrib-
uted to the uncertainties in the final combined velocity
solution.

The Pacific Northwest GPS velocities are provided by
Robert McCaffrey (Portland State University [PSU], written
comm., 2020). He and his team have collected new survey data
from 71 sites up to 2016 and processed them together with
continuous data from the PBO and The Pacific Northwest
Geodetic Array (PANGA) networks (McCaffrey and King,
2017). These data were then combined with data from
USGS and National Geodetic Survey data acquired since
1994 (McCaffrey and King, 2017). The data processing is done
with the GAMIT and GLOBK software (Herring et al., 2018a)
following the same processing procedures of McCaffrey
et al. (2007).

TABLE 1
Regional GPS Network Data Processing History

Project/Program/Region Network Type Processing Institution Reference

PBO CGPS CWU and MIT Herring et al. (2016)

NGL/MIDAS CGPS NGL/UNR Blewitt et al. (2016, 2018)

Pacific Northwest CGPS and Survey PSU and MIT McCaffrey and King (2017)

Northern Baja California Survey Scripps, UCSD González-Ortega et al. (2018)

WUS CGPS and Survey UCLA Shen (2017)

MEaSUREs/WUS CGPS JPL and SOPAC Bock et al. (2021)

WUS CGPS and Survey USGS Murray and Svarc (2017)

CGPS, continuous mode GPS; CWU, Central Washington University; MIDAS, Median Interannual Difference Adjusted for Skewness; MIT, Massachusetts Institute of Technology;
NGL, Nevada Geodetic Laboratory; PBO, Plate Boundary Observatory; PSU, Portland State University; SOPAC, Scripps Orbit and Permanent Array Center; UCSD, University of
California San Diego; UCLA, University of California Los Angeles; UNR, University of Nevada Reno; USGS, U.S. Geological Survey; WUS, western United States.
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The UCLA velocity data were made available to us by
Zheng-Kang Shen (UCLA, written comm., 2020). This product
is an update of the velocity field provided for the 2014 NSHM
deformation modeling effort (McCaffrey, Bird, et al., 2013).
Shen and his team first processed all the survey mode data
archived in UNAVCO for the WUS region using the
GAMIT software (Herring et al., 2018b) to obtain daily solu-
tions. These daily solutions are then combined with the Scripps
Orbit and Permanent Array Center (SOPAC; see Data and
Resources) daily solutions of continuous GPS observations
using the GLOBK software (Herring et al., 2015). The loosely
constrained daily solutions are aggregated into monthly solu-
tions using GLOBK and combined with 16 North America
tracking stations that define the Stable North America
Reference Frame (Herring et al., 2008) to derive station posi-
tion time series using the QOCA software (see Data and
Resources). The processes are repeated several times to check
and remove outliers. The final monthly solutions are inverted
for station positions, velocities, coseismic offsets, and postseis-
mic displacements of large earthquakes through a Kalman fil-
tering procedure used in the QOCA software.

The UCSD Scripps’ survey GPS velocities are obtained
from González-Ortega et al. (2018). In their data processing,
they analyzed survey and CGPS data for northern Baja
California during the period from 1993 to 2010 using the
GAMIT/GLOBK software package (Herring et al., 2018a).
In addition, the SOPAC database, the Salton trough high-res-
olution interseismic velocity field (Crowell et al., 2013), and the
Southern California Earthquake Center (SCEC) Crustal
Motion Map version 4 (Shen et al., 2011) were used to inform
and complement their data analysis. A total of 64 survey GPS
velocities relative to ITRF2008 are collected for their studies.

The NASA JPL and SOPAC velocities are a CGPS velocity
product produced by the MEaSUREs project (Bock et al.,
2021, see Data and Resources). Their CGPS sites consist
mostly of the same stations used for PBO velocity field
in the WUS. Similar to the CWU GPS product, their velocities
are a precise point-positioning solution obtained using the
JPL GIPSY/OASIS software package and use the same
processing procedure as that of the GAGE PBO project,
allowing for an independent three-component position esti-
mation. They were made available through a GPS and
Interferometric Synthetic Aperture Radar data integration
project of Shen and Liu (2020). An updated version of the
velocity product is available at the MEaSUREs project website
(see Data and Resources).

The USGS GPS data consist of both CGPS and survey mode
GPS observations across the WUS (Murray and Svarc, 2017).
Operated by the geodetic project team at the USGS Earthquake
Science Center, survey GPS data have been collected and proc-
essed at 1950 sites since 1992 in addition to CGPS operation as
part of its earthquake and tectonic research and monitoring
program. Both raw survey and continuous data are processed

using the GIPSY software package to produce position time
series. These positions are aligned to a common North
America reference frame and applied through time-series
analysis to derive interseismic velocities, coseismic offsets,
and poseismic deformation motions. All the USGS GPS veloc-
ity products are acquired from the USGS website (see Data and
Resources).

Reference Frame, Data Editing, and
Combination
All GPS velocity fields reference closely to the North American
plate. Their reference frames, however, differ slightly depending
on their selections of reference stations. Some adjustments
around a few millimeters per year are required to align them
exactly with the same average North American plate motion.
I choose the PBO North American frame NAM14 (Altamimi
et al., 2017) as the target reference frame. All other velocity fields
are rotated to this reference frame using a rotation procedure
applied in SCEC crustal motion map projects (Shen et al.,
2011). For each velocity field, an optimal Euler pole location
and its angular rotation parameter is obtained by minimizing
the residual velocities between common stations among PBO
and the selected velocity field. Based on this optimal Euler pole
and angular rotation parameter, I then rotate the velocity field to
the PBONorth American reference frame. Care is taken to avoid
outliers when selecting common stations between the two data-
sets. This procedure is repeated for the rest of the other six veloc-
ity fields. I exclude velocity vectors with uncertainty larger than
2.0 mm/yr from consideration in the frame alignment process
and in the final velocity combination.

Figures 1–7 show the GPS vectors for all seven rotated
velocity fields. For an interseismic velocity field (after correc-
tion for any coseismic signals), we would generally expect a
spatially smoothly varying velocity. I first edit the velocity
fields based on visual inspection. For example, I inspect the
velocities for their consistency with neighbors if they are
not near faults. In examination of these velocity fields, many
obvious data outliers with large variability in amplitude or azi-
muthal direction are first excluded. For other suspected out-
liers, I evaluate their differences between neighboring sites.
If the differences are over 20% in amplitude or 20° in azimuthal
direction or both, I remove them from the dataset. For many of
the survey mode GPS velocities, for example, in the UCLA
dataset, I compare them with nearby PBO or MIDAS CGPS
velocities. I apply the same criterions to remove outliers from
these survey mode velocities. For sites near-active volcanic
areas, such as Mt. St. Helens, Rainier, Three Sisters, Shasta,
and Long Valley caldera, I remove data if they differ signifi-
cantly from their nonvolcanic neighbors. To avoid any model
related biases, deformation model predictions are not applied
to discriminate or remove any inconsistent data. Figures 1–7
plot the edited GPS velocity vectors in blue for comparison
with the removed velocity outliers in red.
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Reported uncertainties in some of the continuous mode
velocities are very small, for example, less than 0.1 mm/yr.
These velocities could out-weigh other data and bias the
least-squares-based inverse solutions. A lower cutoff of uncer-
tainty at 0.2 mm/yr is applied to all velocity fields following
Parsons et al. (2013). Finally, all seven velocity fields are
merged into a single velocity field. In this combined field, a
simple arithmetic mean of the components of velocities is

Figure 1. Map of Plate Boundary Observatory (PBO) Global
Positioning System (GPS) velocity field for the western United
States (WUS) references to the North America Reference Frame
NAM14. Red velocity vectors are outliers removed from the
solution after rigorous data editing. The color version of this
figure is available only in the electronic edition.
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assigned to a site with multiple velocities. Their uncertainties
are calculated as the square root of the sum of their average
squared uncertainties and the squared uncertainties due
to differences between velocity fields. A total of 4979
horizontal velocity vectors are obtained for the final veloc-
ity field.

In comparison to the GPS dataset used for the 2014 NSHM
deformation model studies, the number of total data points

Figure 2. Map of Median Interannual Difference Adjusted for
Skewness (MIDAS) (Nevada Geodetic Laboratory [NGL]) GPS
velocity field for the WUS references to the North America
Reference Frame NAM14. Red velocity vectors are outliers
removed from the solution after rigorous data editing. The color
version of this figure is available only in the electronic edition.
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increased 50%. Figure 8 shows the final velocity field. GPS sta-
tions are extremely dense along the San Andreas Fault system.
Data coverage is also dense along the Cascadia subduction
region across Washington, Oregon, and northern California.
Data are also dense along the Walker Lane region and the
Intermountain West Seismic Belt. Data coverage is sparse
across other WUS area east of the Intermountain West
Seismic Belt and around the Front Range.

Figure 3. Map of Pacific Northwest GPS velocity field for the WUS
references to the North America Reference Frame NAM14. Red
velocity vectors are outliers removed from the solution after rig-
orous data editing. The color version of this figure is available only
in the electronic edition.
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GPS Strain Rate
Based on the updated GPS velocities, strain-rate maps for the
WUS are developed using the method of Shen et al. (2015).
Figure 9a,b shows maps of the shear and dilatation strain rates,
respectively, across theWUS.With 50%more data coverage than
in 2014 in many areas of the WUS, these maps resolve strain
accumulation in the actively deforming regions better in terms
of spatial resolution than previous strain maps (i.e., Petersen

236 238 240 242 244 246 248 250 252 254 256
28

30

32

34

36

38

40

42

44

46

20 mm/yr

Figure 4. Map of Scripps Institution of Oceanography survey GPS
velocity field for the WUS references to the North America
Reference Frame NAM14. Red velocity vectors are outliers
removed from the solution after rigorous data editing. The color
version of this figure is available only in the electronic edition.
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et al., 2013). We find highly concentrated shear-strain rate
around the San Andreas fault system (Fig. 10b), up to several
hundred nanostrain/yr, spanning areas in the south near the
northern Baja California to the segments north near the
Mendocino Triple Junction. Shear-strain rates are up to 100
nanostrain/yr along the central Nevada seismic belt and Walker
Lane, and south to the Garlock and Eastern California Shear
zone. High shear-strain rates also appear along the Cascadia

Figure 5. Map of University of California Los Angeles (UCLA) GPS
velocity field for the WUS references to the North America
Reference Frame NAM14. Red velocity vectors are outliers
removed from the solution after rigorous data editing. The color
version of this figure is available only in the electronic edition.
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subduction zone and the IntermountainWest Seismic Belt. Some
of the high strain rates are caused by volcanism, for example,
around Mt. St. Helens, Rainier, Three Sisters, Shasta, and
Long Valley caldera. Low strain rates appear across the Sierra
Nevada–Great Valley block, indicating a near-rigid behavior
of the block. Low strain rates are also found in most parts of
the Basin and Range province and the Great Plain east of the
Intermountain Seismic Belt.

Figure 6. Map Jet Propulsion Laboratory and Scripps Orbit and
Permanent Array Center (JPL and SOPAC) GPS velocity field for
the WUS references to the North America Reference Frame
NAM14. Red velocity vectors are outliers removed from the
solution after rigorous data editing. The color version of this
figure is available only in the electronic edition.
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The dilatation rates shown in Figure 9b provide important
earthquake faulting information. In the Pacific Northwest,
compressional strain rate dominates over shear-strain rate,
mostly from the elastic strain caused by the locked subduc-
tion zone. Few thrust faults are active in the upper plate,
mainly accommodating north–south contraction. In the
Intermountain West, extensional strain dominates over shear
strain, meaning a higher rate of normal faulting than strike-

Figure 7. Map of U.S. Geological Survey (USGS) GPS velocity field
for the WUS references to the North America Reference Frame
NAM14. Red velocity vectors are outliers removed from the
solution after rigorous data editing. The color version of this
figure is available only in the electronic edition.
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slip faulting mechanisms are typical. These results will be use-
ful for geodetic and geologic deformation modeling in sup-
port of the 2023 NSHM update.

Figure 10a,b shows maps of the second invariant of the strain
rate tensor and seismicity distribution, respectively. In compari-
son between Figures 10a and 9a, we see very similar pattern of
spatial distribution between the second invariant and shear-
strain rate. The second invariant of the strain-rate tensor can

be considered a proxy for the maximum strain rate.
Compared to seismicity, we find that high strain rates correlate
closely with high seismicity rates in the WUS, indicating
that earthquakes tend to occur at places where strain rates are

Figure 8. Final combined GPS velocity vectors for the WUS region,
referenced to the North American plate (NAM14). The color
version of this figure is available only in the electronic edition.
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higher. For areas of low strain rates, seismic activities are
also low.

Conclusions
New WUS GPS velocities solutions are compiled from seven
data processing centers for the deformation modeling project
in support of the 2023 NSHM update. The solutions include
both survey and CGPS velocity products, covering most of the
WUS. Following the same processing procedure for UCERF3
and the 2014 NSHM deformation modeling project, I rotate
all GPS velocity vectors to a common North American reference
frame and edit the fields to remove outliers and velocities with
active volcanic deformation. Velocities with uncertainties larger
than 2 mm/yr are also removed from the data. The resulting
solutions are combined into a final GPS velocity field of 4979
horizontal velocity vectors (Zeng, 2022). GPS station coverage
is most dense across California and Nevada. Regions along
the Cascadia subduction area and the Intermountain West
Seismic Belt are also well covered by the GPS stations. I compute
strain rates using these GPS velocities by applying the method of
Shen et al. (2015). We find high strain rate across the San
Andreas fault system, and along the Walker Lane and
Eastern California Shear zone. High strain rates also appear
along coastal regions ofWashington andOregon associated with
the Cascadia Subduction Zone, and regions across the
Intermountain West Seismic Belt. These strain rates correlate
well with seismicity rates, indicating increasing rates of earth-
quakes where strain rates are high. The final GPS velocity field
is applied for geodetic and geologic deformation modeling in
the WUS.

Data and Resources
The Plate Boundary Observatory (PBO) Global Positioning System
(GPS) velocity product is available from the UNAVCO data
center at https://data.unavco.org/archive/gnss/products/velocity/ (last
accessed May 2022). These data were released on 9 July 2019 and is the
last version of the Geodesy Advancing Geosciences and EarthScope
(GAGE) PBO product. The Median Interannual Difference
Adjusted for Skewness (MIDAS) GPS velocities are available from
the Nevada Geodetic Laboratory (NGL) data archives at its website
http://geodesy.unr.edu/ (last accessed March 2020). The U.S.
Geological Survey (USGS) velocity data are available at https://
earthquake.usgs.gov/monitoring/gps (last accessed May 2022). The
Pacific Northwest GPS field data are archived at the UNAVCO data
center and the processed time series and velocities are available upon
request from Robert McCaffery (Portland State University [PSU],
written comm., 2020). The University of California Los Angeles
(UCLA) data are from an unpublished work of Zheng-Kang Shen
(UCLA, written comm., 2020). The Scripps Orbit and Permanent
Array Center (SOPAC) data are available at http://sopac.ucsd.edu
(last accessed March 2020). The Jet Propulsion Laboratory/Scripps
Orbit and Permanent Array Center (JPL/SOPAC) velocities are from
their MEaSUREs project available at http://garner.ucsd.edu/pub/
measuresESESES_products/ (username: anonymous; password: your
e-mail address) (last accessed August 2022). The QOCA software

is from JPL website at https://qoca.jpl.nasa.gov/ (last accessed
August 2022). The final GPS velocity field of this study is available
in the supplemental material of this article or Zeng (2022).
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