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Abstract16

The study of vertical crustal motion in the contiguous United States (CONUS) has tra-17

ditionally focused on the high amplitude deformation caused by glacial isostatic adjust-18

ment. To better understand more subtle vertical crustal motion resulting from other geo-19

physical processes, we take advantage of the ongoing expansion of continuous Global Po-20

sitioning System (GPS) networks, whose geodetic observations provide ever-increasing21

accuracy and spatial resolution of surface deformation. Using position data for 2782 GPS22

stations operating between 2007 and 2017, we produce a new vertical crustal velocity field23

for the CONUS region. We estimate our own station velocities to ensure consistent treat-24

ment of time series outliers, noise, and offsets, and we use adaptive smoothing and in-25

terpolation to account for spatially varying station density. Our velocity field reveals spa-26

tially coherent vertical features that are representative of regional tectonics, hydrologic,27

and anthropogenic processes. By removing the effects of modeled glacial isostatic adjust-28

ment and hydrologic loading estimated from Gravity Recovery and Climate Experiment29

(GRACE) data, we reduce the variance in our velocity field by 36% and show residuals30

potentially due to geocenter motion and underlying tectonics.31

1 Introduction32

Direct measurements of crustal motion using satellite geodetic techniques have vastly33

improved our understanding of fundamental solid Earth processes. The Global Position-34

ing System (GPS) has been a cornerstone of current geodetic studies, providing contin-35

uous observations of crustal motion over the past two decades. In the contiguous United36

States (CONUS), where station distribution is relatively dense and temporal coverage37

extends a decade or longer, horizontal GPS position measurements are frequently used38

in plate boundary deformation applications such as earthquake fault slip distribution (e.g.39

Jónsson et al., 2002; Fialko, 2004), interseismic strain accumulation (e.g. J. R. Murray40

et al., 2001; Kreemer et al., 2014), and tectonic block modeling (e.g. Bennett et al., 2003;41

Meade & Hager, 2005; Becker et al., 2005; Hammond et al., 2011). To fully quantify three-42

dimensional crustal deformation, there has been recent increased attention to vertical43

GPS data. The vertical component of GPS has traditionally been treated with caution44

due to its low signal-to-noise ratio relative to horizontal components, whose uncertain-45

ties are 2−3 times lower than those of the verticals. It typically requires more than 5 years46

of continuous data to achieve 1σ uncertainty levels of under 1 mm/yr, (Williams et al.,47

2004; Santamaŕıa-Gómez et al., 2011; Bock & Melgar, 2016) and for seasonal effects to48

have a negligible impact on velocity estimation (Blewitt & Lavallée, 2002). As a result49

of the massive deployment of high-quality permanent GPS stations in CONUS during50
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the mid-early 2000s as part of the Plate Boundary Observatory (PBO) network (Herring51

et al., 2016), there is now broad coverage of GPS across CONUS that spans over a decade,52

enabling robust measurements of vertical crustal motion at different spatial scales.53

Glacial isostatic adjustment (GIA) has long been recognized as one of the long-term54

drivers of current vertical deformation in North America and has produced observable55

signals in various geodetic records with a footprint extending across the entire CONUS56

(Peltier, 1996; Davis & Mitrovica, 1996; Sella et al., 2007; van der Wal et al., 2008). While57

the high latitudes of North America are experiencing post-glacial uplift from the deglacia-58

tion of the Laurentide, Cordilleran, and Innuitian ice sheets, GIA in CONUS primarily59

reflects the flexural forebulge’s adjustment to the northward retreat of ice sheet, result-60

ing in downward motion as observed in early GPS measurements (Park et al., 2002; Calais61

et al., 2006; Sella et al., 2007). Several recent studies have utilized GPS velocities to con-62

struct vertical velocity fields over most or all of CONUS (Snay et al., 2016; Kreemer et63

al., 2018; Husson et al., 2018). These studies, which map and interpolate GPS station64

velocities, agree that GIA is a major mechanism for continental-scale vertical deforma-65

tion, and they similarly define the spatial extent of subsidence from the collapse of the66

forebulge. Joint analysis of horizontal strain rates and vertical displacement rates pro-67

vides additional constraints on the physical mechanisms of the underlying observed GIA68

(Kreemer et al., 2018). While earlier methods of constraining vertical motion provided69

insight into the longer wavelength nature of GIA, the increased spatial resolution obtained70

by recent velocity fields reveals the presence of shorter wavelength variations, indicat-71

ing other sources of deformation should be considered in understanding current verti-72

cal crustal motion in CONUS.73

We recognize the potential importance of these features and make a case below for74

the need to expand upon the past study of vertical deformation motivated for several75

reasons. The recent emergence of studies on crustal elastic response to hydrologic load-76

ing shows that significant crustal deformation can be observed in GPS observations at77

local to continental scales (Borsa et al., 2014; Amos et al., 2014; Argus et al., 2017; Adusumilli78

et al., 2019). Separately, given the complex tectonic history of the North American plate79

and its active deformation along the Pacific plate boundary, it is imperative to see whether80

tectonic features of different spatial scales can be resolved by current geodetic observa-81

tions. There are also questions raised about potential links between mantle convection,82

surface topography, and seismicity that can potentially be studied by joint geodesy-geodynamics83

analysis (e.g. Becker et al., 2015). Moreover, improved spatial estimates of vertical land84

motion along the coast can augment other observational methods, such as tide gauges,85
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in understanding relative sea level change, which is an increasingly important issue to86

coastal communities (e.g. Wöppelmann & Marcos, 2016; Hawkins et al., 2019).87

We therefore focus this study on vertical crustal deformation in CONUS, with three88

main objectives in mind. The first objective is to create a GPS-derived vertical veloc-89

ity field that can spatially resolve non-GIA deformation processes. To this end, we pro-90

duce a GPS-derived gridded vertical velocity field that reflects decadal trends from 200791

to 2017, adapts spatial resolution to match GPS station density, features smooth spa-92

tial derivatives, and is robust to outliers. The second objective is to understand solid Earth93

processes such as tectonics, elastic loading, anthropogenic, and mantle dynamics that94

are currently observable in the vertical velocity field at regional to continental wavelengths,95

and to assess whether they are representative of long-term crustal motion. The last ob-96

jective is to assess whether interpretation of vertical crustal velocities over CONUS is97

improved by removing contributions from modeled GIA and hydrologic loading.98

2 Data99

2.1 GPS100

To investigate long-term deformation in the CONUS region, we analyzed ‘up’ po-101

sition time series for 2782 GPS stations located within the 22o N/52o N and −130o E/−65o E102

boundary, restricting our analysis to time series that span at least 6 years between 2007103

and 2017. Setting the minimum time series length to 6 years ensures that estimated ve-104

locities are minimally biased from least-squares velocity estimation or due to any uncor-105

rected annual or semi-annual sinusoidal signals (Blewitt & Lavallée, 2002). To better ob-106

serve solid Earth processes, we omitted stations that are known to be dominated by poroe-107

lastic effects. This include all stations within California’s Central Valley, where water108

extraction results in volumetric changes in groundwater aquifers and accompanying sur-109

face subsidence (K. D. Murray & Lohman, 2018; Neely et al., 2020).110

GPS data were taken from the Nevada Geodetic Laboratory (NGL) at the Univer-111

sity of Nevada (UNR), where daily positions in the IGS08 reference frame were processed112

using Jet Propulsion Laboratory’s GIPSY-OASIS-II software (Blewitt et al., 2018). NGL113

processes GPS RINEX files collected by numerous individual operators, ranging from114

academic research networks to state agency surveying networks. These networks provide115

coverage over different regions, such as EarthScope’s Plate Boundary Observatory in the116

western United States, NOAA’s Continuously Operating Reference Station across CONUS,117

and California statewide coverage by its Department of Transportation. While there are118

publicly available GPS position time series from other analysis centers, we choose to use119

–4–



manuscript submitted to JGR: Solid Earth

UNR’s solution because it includes the largest number of GPS station, all processed us-120

ing the same procedures and the same standards.121

For each GPS station, we obtain a “seasonally adjusted” position time series by122

estimating and removing seasonal motion using the STL algorithm (seasonal-trend de-123

composition using LOESS; Cleveland et al., 1990). STL decomposes a time series into124

trend, seasonal, and residual components by a combination of lowpass filtering and fit-125

ting local polynomials to seasonal cycles in the data. This method is preferred over fit-126

ting single or double sinusoids as it better captures temporal asymmetry in seasonal cy-127

cles. We then correct for step-like offsets in these seasonally adjusted time series. Off-128

sets in GPS time series, caused by coseismic displacements, equipment changes, or un-129

known reasons, are known to bias secular velocity estimation (Williams et al., 2004; Gazeaux130

et al., 2013). NGL provides a list of offset dates due to equipment changes and coseis-131

mic displacements that can be used for offset estimation and removal, however we found132

some undocumented offsets in the UNR time series. To mitigate potential problems from133

undocumented offsets, we use a cumulative sum control chart (CUSUM) sequential analysis-134

based algorithm that automatically detects and estimates offsets locally (supplementary135

materials; Page, 1954) instead of using provided dates. This method enables detection136

of all offsets without relying on external information. Fitting offset in a local basis also137

does not require a specific function to fit the entire time series.138

Finally, we estimated vertical velocities by applying robust least-squares linear re-139

gression to the offset-corrected and seasonally adjusted GPS time series (Figure 1). Al-140

though UNR and other analysis centers publish their own velocities, our procedure em-141

ploys seasonal corrections which we think are more realistic, ensures that all offsets are142

detected and corrected, and imposes tighter temporal constraints on GPS data in order143

to ensure the measured deformation is representative of a fixed time period.144

2.2 Glacial Isostatic Adjustment145

In this study, we consider 3 published models to constrain the GIA contribution146

to vertical motion: ICE-5G VM2 (Peltier, 2004), ICE-6G D VM5a (Peltier et al., 2018),147

and Caron (Caron et al., 2018). Various sets of observational constraints, such as geo-148

logic record of the ice sheet margin, local geologic record of relative sea level, and con-149

temporary GPS rates are used in these the models, in addition to the different ice load-150

ing histories. The ICE-5G and ICE6G D models use an iterative inversion approach that151

minimizes misfit to observational constraints by varying ice loading geometry and his-152

tory, while keeping the viscosity structure fixed. Caron et al. on the other hand employs153

a Bayesian statistics method using large number of forward models computed with vary-154
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Figure 1. GPS stations used in this study.

ing rheological parameters, elastic lithospheric thickness, and ice loading history. All of155

the models are expressed in the same center of mass reference frame as GPS, allowing156

us to directly compare model predictions of surface displacements to our GPS velocity157

estimates.158

2.3 Hydrological Loading159

To estimate the contribution to the CONUS vertical velocity field from hydrology,160

we modeled elastic surface vertical displacement rates due to mass loading from fluctu-161

ations in CONUS terrestrial water storage (TWS). We considered using TWS from rel-162

evant parameters of the daily National Land Data Assimilation System (NLDAS) NOAH163

model. However, NLDAS does not fully capture interannual TWS variability from large164

well-documented storage anomalies (e.g. the California drought of 2013-2016 Argus, Fu,165

& Landerer, 2014). We instead used TWS estimates from NASA’s GRACE satellite grav-166

ity mission, which captures long-term water storage variability, albeit at reduced tem-167

poral (1 month) and spatial (∼ 300 − 400 km) resolution. While we considered mas-168

con solutions from the German Research Centre for Geoscience (GFZ), Jet Propulsion169

Laboratory (JPL), Goddard Space Flight Center (GSFC), and Center for Space Research170

(CSR), we ultimately choose the Center for Space Research’s RL06 mascon solution (Save171

et al., 2016) mainly since it deviates the least from the mean of the 4 solutions. The CSR172

solution includes degree-1 geocenter corrections, has its C20 coefficients replaced by satel-173

lite laser ranging data, and is corrected for GIA with ICE-6G D. We then forward mod-174
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eled vertical displacements due to GRACE-estimated TWS using the SPOTL package175

(Agnew, 1997), which computes the solid Earth elastic response to surface mass load-176

ing by convolving the load with elastic Green’s function for the Gutenberg-Bullen Model177

A Earth reference model (Farrell, 1972).178

3 Methods179

3.1 Interpolation and gridding of GPS velocities180

Since GPS station distribution varies across CONUS, we created an interpolation181

method that adapts the spatial resolution of the vertical velocity model to variations in182

station density, allowing us to capture higher levels of detail where supported by the data.183

This method contains two main steps: 1) block median and 2) adaptive radius smooth-184

ing.185

For step one, we first apply a 0.25-degree block median filter to downweight the186

influence of dense clusters of stations that reflect mostly local effects, such as the > 40187

stations located within one-degree distance of the Long Valley Caldera. The block me-188

dian computes the median and the centroid location of all stations within each grid cell,189

which are then used as the single datum for the grid cell (Figure S1). For grid cells with190

multiple stations, this step dampens outliers while retaining the common, dominant sig-191

nal. The quantity w is computed for each grid cell by finding its median distance to the192

closest N -centroids (see Section 3.2 on the choice of the N).193

Step two is to smooth results obtained from the previous step with an adaptive ra-194

dius Gaussian kernel. Since empty grid cells can cause input data to be unevenly weighted195

by the kernel, we populate remaining empty grid cells from step one using nearest neigh-196

bor interpolation prior to applying the kernel. The radial kernel, with weights of exp(−r2/w2),197

is then convolved with the grid cells. The width of the kernel w varies based on GPS sta-198

tion density, hence yielding higher resolution in areas with more stations (Figure S2).199

To limit influence of extreme far field grids, a maximum threshold of 300 km is set for200

r.201

3.2 Testing and validation of modeling approach202

We perform synthetic checkerboard tests to validate the resolution of our interpo-203

lation. We follow the methods described above in Section 3.1 to create velocity models204

from 2.5 and 5-degree synthetic checkerboards (uniform latitude/longitude with alter-205

nating values of 1 and -1), sampled at actual GPS station locations. Figure 2 shows out-206

put of 2.5 and 5-degree checkerboard test. The 5-degree input grids are well resolved in207
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Figure 2. Checkerboard test for GPS interpolation resolution using N = 20 centroids, with

input checkers of 2.5-degree (left) and 5-degree (right) grids.

most regions, with the checkerboard input shape retained, implying that long wavelength208

features are well represented in our velocity models. The 2.5-degree input shows higher209

variability in resolution. The western part of CONUS, which has the densest GPS cov-210

erage, performs the best out of the entire study domain. Regions are less resolved where211

GPS coverage is low, particularly in the central part of CONUS encompassing Kansas,212

Nebraska, and the Dakotas.213

We determine the optimal value of N for estimating the width of the Gaussian ker-214

nel by evaluating the trade-off between velocity model roughness and misfit for sequen-215

tial values of N . For each value of N , we calculate roughness as the sum of a Laplacian216

operator convolved with the associated velocity field at every grid node. For misfit, we217

use the root-mean-square of the residual between GPS station velocities and the local218

value of the velocity model at each station location. The trade-off curve in Figure 3 shows219

misfit decreases as roughness increases. Choosing N at the maximum change in the trade-220

off curve as our optimal parameter (Figure 2 and S3), we construct our velocity field with221

N = 20.222

Uncertainties in our GPS vertical velocity field originates from GPS station rate223

estimation and those propagated through the interpolation process. To come up with224

realistic uncertainties, we first compute the model misfit between our velocity field and225

the GPS station velocities. The model misfit serves as an appropriate baseline as a min-226

imum uncertainty at the station locations. We then compute 95% confidence intervals227

of individual GPS time series rate estimate. Daily position uncertainties provided by data228

processing centers are dwarfed in comparison, hence negligible towards the final uncer-229

tainty estimates. We then put in the combined magnitude of model misfit and station230

rate uncertainties through our interpolation method exactly as we did for computing the231
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Figure 3. (a) Trade-off between velocity field roughness and root-mean-square misfit to GPS

station velocities. The smoothness parameter N -centroids are plotted in increments of 4. The

total root-mean-square of the GPS velocities is 1.74 mm/yr. Results using alternate selection of

N are shown in Figures S4 and S5. (b) Uncertainty estimates of the GPS velocity field.
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velocity fields, with the exception which arithmetic operations involving the input vari-232

ables (uncertainties) follow the rules of error propagation. The resulting uncertainty field233

is illustrated in Figure 3.234
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Figure 4. Vertical velocity field computed from 2007-2017 GPS time series. Major features

that are discussed in the text are: C. CA (central California), CR (Cascade Range), CNSB

(Central Nevada Seismic Belt), ECSZ (Eastern California Shear Zone), GIA-S (glacial isostatic

adjustment subsidence), GIA-U (glacial isostatic adjustment uplift), GC (Gulf Coast), LB (Lake

Bonneville), LL (Lake Lahonton), N. CSZ (northern Cascadia Subduction Zone), N. TX (north-

ern Texas), S. CSZ (southern Cascadia Subduction Zone), SD (San Diego), TN (Tennessee),

UMW (Upper Missouri River watershed), and YS (Yellowstone).

4 Results235

The resulting vertical velocity field using N = 20 centroids is shown in Figure 4,236

with its associated uncertainties in Figure 3. All major features discussed below are la-237

beled in the figure. We consider results within CONUS only, as only limited stations out-238

side the boundary were used to constrain the velocity field. Within CONUS, the median239

and mean velocities are −0.50 mm/yr and −0.62 mm/yr respectively, with a variance240

from mean of 0.64 mm2/yr2. Root-mean-square residual between GPS station veloci-241

ties and the local value of the velocity model at each station location is 0.94 mm/yr, al-242

though median misfit 0.46 mm/yr may be more useful, considering root-mean-square is243

more sensitive to outliers. The velocity field ranges from −2.83 mm/yr in Wisconsin just244

west of Lake Michigan to 2.21 mm/yr in the northern part of upstate New York, com-245

pared to −6.05 mm/yr to 6.87 mm/yr of the non-interpolated GPS station velocities.246

Features of various spatial scales presumably related to crustal tectonics, mantle dynam-247

ics, and surface mass loading are clearly observed and defined. However, localized de-248
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formation, such as individual fault motion, are likely to be attenuated or not visible due249

to the smoothing applied. The western United States (WUSA, west of the Rocky Moun-250

tains) exhibits more shorter wavelength vertical deformation than the eastern United States251

(EUSA) due to denser GPS distribution, and possibly reflecting the more localized tec-252

tonic environment formed by plate boundary deformation and crust-mantle interaction253

from the subducted Farallon plate (e.g. Forte et al., 2007; Liu & Stegman, 2011; Ghosh254

et al., 2013; Becker et al., 2015).255

4.1 Vertical Deformation: Eastern United States256

The dominant feature in EUSA is the near east-west trending subsidence belt across257

the northern Midwest due to glacial isostatic adjustment (GIA). The melting of the ice258

sheet induced an isostatic response from the mantle, leading to northward mantle flow259

and subsidence of the flexural bulge (Peltier & Andrews, 1976; Sella et al., 2007). Just260

northeast of the subsidence belt, GIA uplift can also be seen. However, not all the sub-261

sidence is caused by GIA, as a portion of it can be attributed to a recently observed in-262

crease in terrestrial water storage. For example, the sharp increase in water mass in the263

Great Lakes between 2013–2016 led to regional downward motion around the lakes due264

to elastic loading (Argus et al., 2019). Forward modeling the elastic Earth’s response to265

the increased lake load yields a maximum subsidence rate of −0.94 mm/yr around the266

lake shore just west of Lake Michigan (Figure S6). Similarly, Lakes Fort Peck, Oahe, and267

Sakakawea in the Upper Missouri watershed saw large increase in lake levels over the ten268

years of our study period. These three lakes had a combined water volume increase that269

resulted in a maximum elastic subsidence rate of −0.41 mm/yr (Figure S7).270

South of the subsidence forebulge are two broad regions of uplift, one bordering271

northern Texas and Oklahoma, and the other in Tennessee. Uplift in Texas and Okla-272

homa coincides with the southern portion of the High Plain aquifers. This region has273

been experiencing long-term groundwater loss from drought and agricultural extraction,274

which results in elastic uplift (Longuevergne et al., 2010). Since 1950, the southern High275

Plains have been steadily losing groundwater, with current groundwater volume estimated276

to be only 50% of its pre-agricultural development total (Haacker et al., 2016). With-277

out sufficient recharge, this long-term depletion and associated uplift is projected to con-278

tinue. The cause of uplift in Tennessee on the other hand, is less clear. No previous study279

has identified the cause of uplift, but climate and hydrology studies have shown that ter-280

restrial water storage in the Ohio-Tennessee sub-water basin is particularly responsive281

to climate variability. Influenced by orographic effects of the Appalachian Mountains,282

this region exhibits a large hydrologic flux and seasonal variations in terrestrial water283
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storage change (Seneviratne et al., 2004; Haacker et al., 2016), and a transient hydro-284

logic unloading signature may be present in GPS observations. Interestingly, this region285

is also bounded by the Eastern Tennessee Seismic Zone and New Madrid Seismic Zone286

in the east and west (Powell et al., 1994; Tuttle et al., 2002), adding the possibility of287

the uplift being a tectonic feature.288

Along the Gulf Coast, subsidence is known to be due to a combination of ground-289

water and hydrocarbon extraction in the Texas-Galveston area, accompanied by sedi-290

ment compaction of the Louisiana Delta (Morton et al., 2006; Törnqvist et al., 2008; Dokka,291

2011). The highest-amplitude subsidence in our velocity field occurs around Galveston292

and along the Louisiana coast, and we observe several smaller zones of subsidence inland.293

These zones correlate with major shale-gas production sites, which consume large amounts294

of groundwater for hydraulic fracturing (Nicot & Scanlon, 2012). The observed subsi-295

dence is likely to be caused by collapse of pore spaces in sediments from groundwater296

extraction (Chang et al., 2014). This implies that future monitoring of gas production297

can potentially be done by geodetic observations of ground subsidence.298

4.2 Vertical Deformation: Western United States299

In the WUSA, we are able to resolve complex deformation features of smaller scale300

(∼50 km) with the variable-size interpolation kernel. Detailed features as localized as301

Yellowstone Caldera’s uplift from magmatic and/or hydrothermal sources can be observed302

(Tizzani et al., 2015) in our velocity model. Along the Cascadia Subduction Zone, we303

observe elastic uplift due to the locking of the subduction interface in the northern and304

southern section, while the central section lacks similar motion, possibly due to partial305

fault creep (Dragert & Hyndman, 1995; McCaffrey et al., 2000; Schmalzle et al., 2014).306

One intriguing result from our velocity field is the prominent band of north-south sub-307

sidence 250-300 km east of the Cascadia trench, spanning Washington to northern Cal-308

ifornia. A possible explanation for this subsidence is elastic loading from increased ter-309

restrial water storage in the Cascade Ranges. Fu et al. (2015) shows that precipitation310

in the Pacific Northwest is localized in high altitude areas along the Cascade Ranges,311

coincident with observed subsidence. The subsidence does, however, extend south be-312

yond the Cascades. An alternate explanation is of interseismic subsidence from mantle313

flow associated with the Cascadia megathrust (Hashima & Sato, 2017; Johnson & Tebo,314

2018; Yousefi et al., 2020). Some of these models predict interseismic inland subsidence315

to be monotonic but accelerating over decadal timescales. Further investigation of the316

temporal evolution of this subsidence feature will benefit both subduction zone and ter-317

restrial water storage studies.318
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Much of central California exhibits uplift. Recent studies have examined hydrology-319

driven elastic uplift (Borsa et al., 2014; Amos et al., 2014), mountain building processes320

of the Sierra Nevada (Hammond et al., 2016), and recent inflation episodes of the Long321

Valley Caldera (Montgomery-Brown et al., 2015; Hammond et al., 2019; Silverii et al.,322

2020). Since these processes happen concurrently, it is difficult to partition the observed323

velocities into individual components. Time series, however, might provide important324

constraints as these processes operate at different time scales. Deformation due to lo-325

calized tectonic activities, such as low magnitude earthquakes, may not be consistent fea-326

tures over a decade or longer, unlike longer topography building processes. One would327

also expect smoother spatial footprint from hydrologic loading (Farrell, 1972), compared328

to localized tectonic activities along faults or volcanoes. We note that there is on-going329

large amplitude subsidence within the Central Valley driven by poroelastic processes from330

agricultural groundwater withdrawal. Such deformation is well documented in other geode-331

tic studies (Hammond et al., 2016; Neely et al., 2020), but since only the elastic effect332

of land hydrology is examined in this study, GPS stations within the Central Valley are333

excluded (see Figure S8 for a version of the velocity field including stations heavily af-334

fected by poroelastic effects).335

Vertical deformation in Southern California primarily appears to represent differ-336

ent stages of the earthquake cycle. The footprint of post-seismic deformation from the337

Hector Mine, Landers, and El Mayor-Cucapah earthquakes can be observed in the up-338

lift at the Eastern California Shear Zone and the Salton Trough, which is caused by the339

relaxation of mantle coupled with the lower crust (Pollitz et al., 2001; Freed et al., 2007;340

Rollins et al., 2015). The observed subsidence near San Diego may due to the interplay341

between these post-seismic transients and the change in rheology west of the Peninsu-342

lar Range (Rollins et al., 2015). Bending moments from the locked portion of the San343

Andreas Fault could also be responsible for this subsidence (Smith-Konter et al., 2014).344

Finally, two uplift regions are observed in the Basin and Range Province, driven345

by viscoelastic deformation from two different processes. The first one is the viscoelas-346

tic response to the drying up of Lakes Bonneville and Lahonton. Shoreline studies and347

modeling show that the lake basins have accumulated 22 m of uplift in the past 13,000 years,348

and are uplifting currently at a rate of 1.7 mm/yr at Lahonton and 0.1 mm/yr at Bon-349

neville (Adams et al., 1999; Nakiboglu & Lambeck, 1983). The second process is post-350

seismic deformation from the 1915–1954 Central Nevada Seismic Belt earthquake sequence.351

Viscoelastic relaxation of 2−3 mm/yr from two normal fault earthquakes (Mw7.3, 6.8)352

were observed using Interferometric Synthetic Aperture Radar (Gourmelen & Amelung,353

2005). Separating lake rebound uplift from post-seismic signal will be particularly use-354

–14–



manuscript submitted to JGR: Solid Earth

ful in providing additional constraints for upper mantle viscosity and shape of Lauren-355

tide ice sheet in the WUSA, as demonstrated recently by Austermann et al. (2020) for356

example.357

4.3 GIA, hydrological loading, and translation motion of Earth’s cen-358

ter of mass359

The three GIA models considered here (IEC5G, ICE-6G D, and Caron et al.) all360

over-predict subsidence south of the former ice sheet forebulge, producing long wavelength361

residual uplift across CONUS (Figure 5). The forebulge subsidence in our velocity model362

is best modeled by ICE-6G D, albeit with residual subsidence near Minnesota (−98o E/48o N);363

the other two models leave residual signal that is larger in amplitude and spatial scale.364

We certainly do not expect a perfect fit from these GIA models, especially since lateral365

mantle viscosity variation is typically not considered in global GIA models. The sharp366

change in residual velocities near the forebulge suggests that lateral viscosity variations367

may have to be considered to account for localized GIA response (e.g. Latychev et al.,368

2005; Li et al., 2020). Compared to the original velocity field’s variance of 0.64 mm2/yr2,369

the variances of the residual fields after correction are: ICE-5G = 1.08 mm2/yr2, ICE-370

6G D = 0.51 mm2/yr2, Caron = 1.13 mm2/yr2. These numbers suggest ICE-6G D is371

the most representative model of current GIA motion as observed by GPS. However, ICE-372

6G D is in fact more heavily constrained by GPS data compared to other models that373

also include geodetic constraints (e.g. ICE-5G), hence having the largest variance reduc-374

tion does not come as a surprise. Uncertainties of global GIA models are generally not375

well defined, and issues arise, for example, due to inter-related rheological and ice sheet376

uncertainties. Methods of uncertainty estimations range from presumed confidence in-377

terval to Bayesian inference (e.g. Paulson et al., 2007; Caron et al., 2018), but recent eval-378

uation of uncertainty across a suite of GIA models suggest far field uncertainty in North379

America is approximately 0.3 − 0.5 mm/yr (Simon & Riva, 2020), which most of the380

residuals here exceed.381

We compute vertical deformation rates due to the elastic Earth’s response to hy-382

drologic loading using terrestrial water storage (TWS) estimates from GRACE (Figure383

6). Deformation due to hydrologic loading has a mean rate of 0.03 mm/yr over CONUS.384

It ranges from −0.68 mm/yr to 1.04 mm/yr, encompassing two major uplift regions (cen-385

tral California, northern Texas) and three subsidence regions (the Great Lakes, the Up-386

per Missouri watershed, and the South Atlantic-Gulf watershed). Qualitatively, GRACE-387

derived mass loads match up with major deformation features visible in our GPS veloc-388

ity field. These regions are all known to exhibit long-term change in TWS as a result of389

–15–



manuscript submitted to JGR: Solid Earth

−120˚
−100˚

−80˚

30˚

40˚

50˚

−120˚
−100˚

−80˚

30˚

40˚

50˚

−120˚
−100˚

−80˚

30˚

40˚

50˚

−120˚
−100˚

−80˚

30˚

40˚

50˚

−120˚
−100˚

−80˚

30˚

40˚

50˚

−120˚
−100˚

−80˚

30˚

40˚

50˚

−2

−1

0

1

2

[m
m

/y
r]

Vup [mm/yr]

ICE5Ga)

−
1
2
0
˚

−
1
0
0
˚

−
8
0
˚

3
0
˚

4
0
˚

5
0
˚

−
1
2
0
˚

−
1
0
0
˚

−
8
0
˚

3
0
˚

4
0
˚

5
0
˚

−
1
2
0
˚

−
1
0
0
˚

−
8
0
˚

3
0
˚

4
0
˚

5
0
˚

−
1
2
0
˚

−
1
0
0
˚

−
8
0
˚

3
0
˚

4
0
˚

5
0
˚

−
1
2
0
˚

−
1
0
0
˚

−
8
0
˚

3
0
˚

4
0
˚

5
0
˚

−
1
2
0
˚

−
1
0
0
˚

−
8
0
˚

3
0
˚

4
0
˚

5
0
˚

−
2

−
1 0 1 2

[mm/yr]

ICE6G_D Caron et al.

GPS – ICE5G GPS – ICE6G_D GPS – Caron et al.
-2 -1 0 1 2

−120˚
−100˚

−80˚

30˚

40˚

50˚

−120˚
−100˚

−80˚

30˚

40˚

50˚

−120˚
−100˚

−80˚

30˚

40˚

50˚

−120˚
−100˚

−80˚

30˚

40˚

50˚

−120˚
−100˚

−80˚

30˚

40˚

50˚

−120˚
−100˚

−80˚

30˚

40˚

50˚

−2

−1

0

1

2

[m
m

/y
r]

b)

Figure 5. a) Vertical rates predicted by ICE-5G (VM2), ICE-6G D (VM5a), and Caron et al.

(b) Residual velocities after removing model predictions from GPS velocity field.

climate variability as well as human impact (Rodell et al., 2018; Adusumilli et al., 2019).390

For the subsidence regions in the Great Lakes and Upper Missouri watershed, GRACE391

sees not only the increased lake water mass as mentioned above (Lakes Fort Peck, Oahe,392

Sakakawea, Figure S6 and S7), but also the overall increased water storage in the sur-393

rounding watersheds.394

Given the ∼ 300 km spatial resolution of GRACE TWS’s estimates, simply re-395

moving GRACE-derived elastic deformation from the GPS field leaves residual short wave-396

length features that cannot be resolved by satellite gravity measurements. We therefore397

apply a 300 km (2σ) Gaussian filter to our GPS velocity field in order to facilitate com-398

parison between the two fields; this product will now be referred as the “smoothed field”,399

and the original velocity field as “unsmoothed”. Figure 6 shows the residuals obtained400

after removing GRACE-derived hydrology loading from the unsmoothed GPS velocity401

field, as well as the residuals from using the smoothed GPS velocity field. The two up-402

lift regions in California and Texas are reduced to nearly zero in the hydrology-corrected403

smoothed GPS velocity field. This suggests that the hydrologic loading is a key compo-404

nent of observed vertical velocities and that a full-resolution TWS estimate would ex-405

plain even more of the variance in our GPS velocity field.406

Table 1 shows the mean and variance of the velocity field with different components407

taken out. In both the unsmoothed and smoothed GPS velocity field cases, we see sub-408

stantial variance reduction from simply removing the ICE-6G D GIA model prediction409

and GRACE-derived hydrologic loading estimates. Removing GIA reduces variance by410
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Figure 6. (a) Vertical rates due to elastic hydrologic loading, modeled using CSR GRACE-

derived terrestrial water storage estimates as input load. (b) 300 km Gaussian smoothed GPS

velocity field. (c) Residual velocities after removing hydrologic loading rates from GPS velocity

field. (d) Residual velocities after removing hydrologic loading rates from the 300 km Gaussian

smoothed GPS velocity field.
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20%, removing hydrologic loading reduces variance by 28%, and removing both compo-411

nents reduces variance by 36%. The removal of GRACE from the smoothed field reduces412

a higher percentage of velocity variability than in the unsmoothed field, which is indica-413

tive of GPS and GRACE matching up well at 300 km resolution and less so at shorter414

scales. The GIA correction, on the other hand, performs worse in the smoothed field,415

as the details captured by GPS are smeared out. These statistics therefore indicate that416

GIA and GRACE TWS corrections are valid when applied to velocity data at appropri-417

ate wavelengths. However, removing GIA and hydrologic loading components also leads418

to broad residual uplift across CONUS (Figure 7), as evident in the residual mean of 0.40 mm/yr.419

While mantle dynamics can produce long wavelength deformation, a tectonic origin for420

such feature is unlikely, as recent mantle tomography models have shown thermal anoma-421

lies under North America at smaller scale (Schmandt & Lin, 2014; Schaeffer & Lebedev,422

2014). One plausible explanation is related to bias in geocenter origin. GPS measure-423

ments are referenced to Earth’s center of mass (CM) in ITRF2008 (Altamimi et al., 2011),424

and the translation motion of CM (also known as geocenter motion) may appear in GPS425

measurements as a deformation signal. Following Argus, Peltier, et al. (2014) and Argus426

et al. (2017), we evaluate vertical velocities on our velocity grids due to the translation427

velocity of Earth’s center of mass of X = 0.18 mm/yr, Y = −0.13 mm/yr, and Z =428

0.56 mm/yr. This translation motion explains most of the apparent uplift in CONUS429

(Figure 7). Removing CM translation leaves a mean residual velocity of −0.032 mm/yr.430

CM translation has little effects on relative uplift and subsidence between shorter wave-431

length features, as it simply acts as a near constant ramp across the continent; both the432

smoothed and unsmoothed variance remain unchanged after its removal. A recent study433

by Ding et al. (2019) arrives at a similar conclusion, when geocenter motion correction434

is applied to GPS data along the East Coast. The resulting velocities, combined with435

tide gauge data, lead to East Coast sea level rise estimates closer to the global mean rate.436

Together with results presented in this study, the improved fit to independent sets of ve-437

locity data by correcting for geocenter motion suggests such motion is important in in-438

terpreting long wavelength geodetic observations.439
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Figure 7. (a, d) Residual field after removing, GIA, hydrologic loading, and center of mass

translation (CM) from unsmoothed GPS velocity field. (b, c). Same as left, but with smoothed

GPS velocity field. Additional intermediate steps can be found in Figure S9.

Table 1. Mean velocities and variances of the original GPS velocity field and residual velocity

fields after removing GIA (ICE-6G D), hydrology, and center of mas translation (CM). Variance

percentage changes compared to the GPS velocity field are in parentheses. Right-most column

shows the variances using an initially smoothed out (300-km Gaussian) GPS velocity field. Vari-

ance of residual fields decreases as each component is taken out.

Mean Variance, unsmoothed Variance, smoothed

GPS −0.62 mm/yr 0.64 mm2/yr2 0.49 mm2/yr2

GPS - GIA 0.42 mm/yr 0.51 mm2/yr2 (−20%) 0.45 mm2/yr2 (−8.1%)

GPS - hydrology −0.64 mm/yr 0.46 mm2/yr2 (−28%) 0.31 mm2/yr2 (−37%)

GPS - hydrology - GIA 0.40 mm/yr 0.41 mm2/yr2 (−36%) 0.35 mm2/yr2 (−28%)

GPS - hydrology - GIA - CM −0.032 mm/yr 0.41 mm2/yr2 (−36%) 0.35 mm2/yr2 (−28%)
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Figure 8. (a) Comparison of velocity fields by Husson et al. (2018), Kreemer et al. (2018),

Snay et al. (2016), and this study. (b,c) Longitudinal and latitudinal profiles from the above

fields; Husson et al. (orange), Kreemer et al. (blue), Snay et al. (purple), this study (black).

4.4 Comparison with published velocities440

We compare our results with three other continental scale CONUS vertical veloc-441

ities in Figure 8: from Snay et al. (2016), Husson et al. (2018), and Kreemer et al. (2018).442

Note that Snay et al.’s results are combined with the updated WUSA results shown in443

Snay et al. (2018). Our velocity field most resembles Husson et al.’s, with a mean dif-444

ference of −0.15 mm/yr and variance of the difference being 0.24 mm2/yr2. Table 2 shows445

the mean and variance of differences between all four velocity fields, considering only the446

common grid points. Visually, long wavelength features look generally similar, and in-447

deed, by applying 300 km Gaussian filters to all four velocity fields, large scale GIA sub-448

sidence at the former ice sheet forebulge, Gulf Coast, and uplift in California, Texas are449

observed (Figure S10).450
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In contrast, noticeable differences can be seen in shorter wavelength details. To pro-451

vide a clearer picture of these differences, we extract two profiles of the four velocity fields,452

a longitudinal one at 35oN, and a latitudinal one at 90oE (dashed line in Figure 8a). Both453

profiles show short wavelength deviations between the four velocity fields. In profile A-454

A’, the transition from relative uplift to subsidence between −95oE and −85oE is sharpest455

in Kreemer et al.’s velocity field. In Profile B-B’, GIA’s forebulge subsidence north of456

40oN is similar among all four fields. Discrepancies are larger at the southern portion457

of the profile, where smaller scale features south of Tennessee differ by up to ∼ 3 mm/yr.458

These differences are in part a reflection of the methods used in constructing the veloc-459

ity fields in each of the studies. The use of Voronoi tessellation in Husson et al. leads460

to sharper gradients, while our incorporation of Gaussian weighting leads to smoother461

transitions between features than Delauney triangulation in Kreemer et al. While the462

differences in computing GPS station rates, i.e. MIDAS (Blewitt et al., 2016) vs. lin-463

ear least squares fitting, do not lead to significant disagreements in long wavelength fea-464

tures, regions where GPS coverage is low or stations with highly non-linear signal may465

be more affected. It is therefore important to use information from multiple GPS sta-466

tions to interpolate a grid node, and for future studies to consider the potential effects467

of choosing a particular data processing method.468

It is difficult to provide a quantitative comparison of these results for several rea-469

sons. First, the spatial coverages of CONUS in these studies are different. Kreemer et470

al. studied deformation east of the Rocky Mountains, while Snay et al. divided their ve-471

locity computations into eastern and western regions with a change in resolution near472

−107oE. Secondly, GPS temporal coverage varies between these studies. For example,473

Kreemer et al. used time series as short as 1.5 years, while we specified time series that474

are at least 6 years long within our 2007–2017 study period. This may contribute to the475

short wavelength variability between the four velocity fields, as shorter time series may476

reflect transient process and increased noise level. However, long wavelength deforma-477

tion in all four solutions is similar, suggesting those features are not temporary. We can-478

not be certain they are all caused by secular geological processes either, as GPS mea-479

surements only date back ∼20 years. Thirdly, we choose to omit GPS stations that are480

strongly affected by poroelastic effects from groundwater in California’s Central Valley,481

since including these stations would affect our interpretation of hydrology-related elas-482

tic deformation. We therefore cannot directly compare our California velocities with those483

from Snay et al. and Husson et al., which included those stations.484
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Table 2. (Upper triangle) Variance of the differences between four velocity fields. (Lower trian-

gle) Mean of the differences between four velocity fields. Only grid points that are common in all

four fields are considered.

This study Kreemer et al. Husson et al. Snay et al.

This study 0.37 mm2/yr2 0.20 mm2/yr2 0.59 mm2/yr2

Kreemer et al. 0.16 mm/yr 0.16 mm2/yr2 0.79 mm2/yr2

Husson et al. 0.15 mm/yr 0.07 mm/yr 0.68 mm2/yr2

Snay et al. 0.04 mm/yr 0.22 mm/yr 0.319 mm/yr

5 Discussion485

Studies of continental-scale vertical deformation within CONUS have traditionally486

focused on the impact of glacial isostatic adjustment. In this work we show that care-487

ful analysis of GPS station motion reveals spatially coherent vertical deformation fea-488

tures beyond the signature of GIA. We attempt to remove known vertical deformation489

from GIA and hydrologic loading from the GPS-derived velocity field to see if known pro-490

cesses can explain the observed velocity field. These adjustments result in a total reduc-491

tion in variance of 36% and a residual velocity that is our best estimate of long-term mo-492

tion from tectonics, non-GIA isostasy, and potentially mantle dynamics.493

Given the relatively short time span of GPS observations, some of what appears494

to be secular motion actually could be transient processes operating at decadal to cen-495

tury time scales. One well known source of transient process is hydrologic loading, whose496

broad-scale decadal signature we addressed in this study. Hydrologic loading is driven497

by climate variability; for example, changes in California’s TWS in the past decade range498

from multiyear drought caused by El Nino Southern Oscillation events (Seager et al., 2015)499

to rapidly increased precipitation from week-long atmospheric rivers (Adusumilli et al.,500

2019). On the tectonics side, there are transient features that span interannual to cen-501

tury time scales. Viscoelastic deformation from older earthquakes may appear nearly lin-502

ear in GPS time series e.g. Hearn et al. (2013), but post-seismic deformation from re-503

cent earthquakes, such as the 2010 El-Mayor Cucapah event, may still manifest as ex-504

ponential decay transients. Non-linear episodic inflation in Long Valley and Yellowstone505

Calderas are governed by intrusion of magmatic materials and movement of volatiles (Hurwitz506

& Lowenstern, 2014). Some of the transient features discussed in this study are located507

along the coast, potentially affecting long-term relative sea level estimates. This is par-508

ticularly true for the West Coast, which exhibits higher vertical land motion variabil-509
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ity than the East Coast and the Gulf of Mexico; vertical uplift rates there at times are510

comparable with the regional mean sea level rise (National Research Council, 2012), hence511

improved vertical land motion estimates are needed to better understand threats from512

the rising sea. Our velocity field is therefore a snapshot of the current state of deforma-513

tion; understanding the underlying drivers of secular vertical deformation requires re-514

moving transient processes from the observations.515

To achieve this goal will require overcoming several challenges in modeling GIA and516

hydrological loading. A potential source of GIA mismodeling is from the increasing use517

of GPS data to constrain present-day motion in GIA models. The constructions of re-518

cent GIA models incorporate more GPS data than ever (Peltier et al., 2018; Caron et519

al., 2018). GPS data improve the accuracy of these models, however, as discussed above,520

there are other processes that contribute to vertical motion in GPS data. One example521

is the water volume fluctuations in the Great Lakes, which produce observable deforma-522

tion in GPS around the GIA subsidence region. Incorporating GPS stations affected by523

this non-GIA related deformation into models can lead to mismodeling of the actual fore-524

bulge collapse subsidence. When looking at highly rebounding areas such as the former525

ice domes (regions where the last remnants of the ice sheets melted in high latitude ar-526

eas), the misfit-to-amplitude ratios are low and mostly negligible. For CONUS, where527

vertical rates are within ∼ 3 mm/yr, the same misfit level would result in incorrect in-528

terpretation of crustal motion.529

In section 4.3, we show that displacements from GRACE TWS-derived estimates530

of hydrology loading successfully remove some major elastic uplift features in a smoothed531

version of our velocity field. There are merits to having both the rougher and smoother532

fields. Looking at the smoothed version, GPS velocities are indeed capturing the over-533

all elastic loading signal from hydrology, suggesting at long-wavelength spatial scale GRACE534

can help constraint such process. However, interpretation of the smoothed velocity field535

is limited to long wavelength features. Detailed features, particularly near the plate bound-536

ary in the west are lost in the smoothing process. On the other hand, removing GRACE-537

derived loading rates from the rougher version does not fully remove elastic loading at538

shorter spatial scales. Figure S11 shows the spatial velocity gradients prior and after re-539

moving GRACE-derived TWS estimates. High gradients can be seen in regions that ex-540

perience high TWS variability, such as California and the Great Lakes. While applying541

GRACE-derived TWS correction reduces the amplitude of GPS vertical rates as seen542

in Figure 6, some short-wavelength gradients remain. This highlights the need to down-543

scale TWS estimates in future work, as there are short-scale hydrological loading fea-544

tures that are not well-modeled using low-resolution GRACE alone. Recent studies have545
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either used GPS, GRACE, and hydrologic model individually (Argus, Fu, & Landerer,546

2014; Fu et al., 2015; Tregoning et al., 2009; Argus et al., 2017) or combined them to in-547

vert for seasonal to interannual TWS anomalies (Adusumilli et al., 2019). With GRACE548

as a volumetric constraint and GPS/hydrologic models as spatial constraint, expanding549

such analysis to continental scale can improve the spatial resolution of the hydrologic550

load displacement model, whose removal will yield a higher resolution hydrologic loading-551

free vertical field for future studies of solid earth processes.552

6 Conclusion553

A robust vertical crustal velocity field for the contiguous United States is computed554

from 2007–2017 pointwise velocity estimates at 2782 GPS stations in the region. We are555

able to extract deformation patterns at variable resolution using an adaptive interpo-556

lation method, and identify deformation due to GIA, lithospheric tectonics, elastic de-557

formation from hydrologic loading, and anthropogenic activities. In the west, we image558

the clear signatures of short wavelength subduction zone tectonics and dynamics, mag-559

matic activity, and post-seismic deformation. In the east, a majority of the deformation560

is related to GIA and hydrologic activities. Comparing our results to three other stud-561

ies, we observe that while long wavelength signals are similar in amplitude and spatial562

pattern in all four velocity fields, there are substantial differences in shorter scale fea-563

tures that mainly arise from different temporal coverage of raw data and data process-564

ing methods.565

By removing deformation predicted by GIA models and elastic loading from GRACE566

TWS, we are able to reduce the variance of the velocity field by 36%. We demonstrate567

that hydrologic loading can be partially corrected by GRACE TWS estimates at ∼ 300 km568

wavelength, but it lacks the resolution to resolve shorter-wavelength, high gradient fea-569

tures caused by localized surface loads. Correcting for Earth’s center of mass transla-570

tion motion, as proposed by Argus, Peltier, et al. (2014), reduces the mean velocity of571

the residuals from −0.40 mm/yr to −0.032 mm/yr, which suggests this motion does af-572

fect observed GPS vertical rates and that future studies should correct for. Future work573

on downscaling continental-scale hydrologic loading will help partition hydrology-induced574

motion more accurately, bringing us closer to understanding non-GIA secular vertical575

deformation.576
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