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Abstract

Geodetic methods can monitor changes in terrestrial water storage (TWS) across large regions in near real-time. Here, we
investigate the effect of assumed Earth structure on TWS estimates derived from Global Navigation Satellite System (GNSS)
displacement time series. Through a series of synthetic tests, we systematically explore how the spatial wavelength of water
load affects the error of TWS estimates. Large loads (e.g., >1000 km) are well recovered regardless of the assumed Earth
model. For small loads (e.g., <10 km), however, errors can exceed 75% when an incorrect model for the Earth is chosen. As a
case study, we consider the sensitivity of seasonal TWS estimates within mountainous watersheds of the western U.S., finding
estimates that differ by over 13% for a collection of common global and regional structural models. Errors in the recovered
water load generally scale with the total weight of the load; thus, long-term changes in storage can produce significant uplift
(subsidence) enhancing errors. We demonstrate that regions experiencing systematic and large-scale variations in water storage,
such as the Greenland ice sheet, exhibit significant differences in predicted displacement (over 20 mm) depending on the choice
of Earth model. Since the discrepancies exceed GNSS observational precision, an appropriate Earth model must be adopted
when inverting GNSS observations for mass changes in these regions. Furthermore, regions with large-scale mass changes that
can be quantified using independent data (e.g., altimetry, gravity) present opportunities to use geodetic observations to refine

structural deficiencies of seismologically derived models for the Earth’s interior structure.
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Key Points:

» Estimates of water storage made at fine spatial scales are highly sensitive to the
Earth model used to invert geodetic measurements

» Sensitivities to Earth structure produce uncertainties in estimates of water stor-
age that scale with the total weight of the water load

 Predictions of uplift produced by melting of the Earth’s ice sheets over the past
two decades can differ by over 20 mm between Earth models
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Abstract

Geodetic methods can monitor changes in terrestrial water storage (TWS) across large
regions in near real-time. Here, we investigate the effect of assumed Earth structure on
TWS estimates derived from Global Navigation Satellite System (GNSS) displacement
time series. Through a series of synthetic tests, we systematically explore how the spa-
tial wavelength of water load affects the error of TWS estimates. Large loads (e.g., >1000
km) are well recovered regardless of the assumed Earth model. For small loads (e.g., <10
km), however, errors can exceed 75% when an incorrect model for the Earth is chosen.

As a case study, we consider the sensitivity of seasonal TWS estimates within mountain-
ous watersheds of the western U.S., finding estimates that differ by over 13% for a col-
lection of common global and regional structural models. Errors in the recovered water
load generally scale with the total weight of the load; thus, long-term changes in stor-

age can produce significant uplift (subsidence), enhancing errors. We demonstrate that
regions experiencing systematic and large-scale variations in water storage, such as the
Greenland ice sheet, exhibit significant differences in predicted displacement (over 20 mm)
depending on the choice of Earth model. Since the discrepancies exceed GNSS obser-
vational precision, an appropriate Earth model must be adopted when inverting GNSS
observations for mass changes in these regions. Furthermore, regions with large-scale mass
changes that can be quantified using independent data (e.g., altimetry, gravity) present
opportunities to use geodetic observations to refine structural deficiencies of seismolog-
ically derived models for the Earth’s interior structure.

Plain Language Summary

In many regions of the Earth, water resources used for agriculture, domestic, and
industrial purposes rely on stream flow and groundwater sourced from the melting of win-
ter snowpack in adjacent mountains. Modern shifts in climate have resulted in increas-
ingly variable precipitation patterns and temperatures during winter months, coupled
with a rising global population, there has been a growing need for accurate estimates of
freshwater stored above and beneath the land surface. A relatively new interdisciplinary
approach called hydrogeodesy allows for freshwater resources to be accurately monitored
by using satellite- and ground-based sensors to accurately measure changes in the shape
and gravitational field of the Earth produced by the redistribution of water between nat-
ural reservoirs. As this approach becomes increasingly utilized to inform decision-makers,
however, we require a deeper understanding of the assumptions and uncertainties of the
models used to translate between geodetic measurements and estimates of water stor-
age. Here, we consider the impact of assumptions about the Earth’s interior structure
on the error of geodetic water storage estimates. We present a set of case studies that
display the varied influence of assumed Earth structure on water storage estimates de-
pending on the spatial scale and amplitude of water storage variations.

1 Introduction

Accurate estimates of terrestrial water storage (TWS), defined as the sum of all
storage within surface and subsurface reservoirs, are vital in the assessment and effec-
tive long-term management of water resources. In addition, accurate assessment of TWS
aids in our understanding of the Earth’s water cycle and interactions between individ-
ual hydrological reservoirs, such as snowpack and groundwater (e.g. Lettenmaier & Famigli-
etti, 2006; Enzminger et al., 2019). Recent developments in space geodesy, such as the
Global Navigation Satellite Systems (GNSS), have become increasingly important in the
study of freshwater resources as accurate measurement of subtle changes in the shape
and gravitational field of the Earth produced by the redistribution of mass within sur-
face and subsurface hydrologic reservoirs allow for spatially distributed estimates of TWS
to be made at local and regional scales (e.g. Wahr et al., 2004; Argus et al., 2014; Milliner
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et al., 2018; Argus et al., 2022) complimenting other datasets currently used in the as-
sessment and management of water resources.

Most geodetic investigations of TWS, however, have not considered the impact of
the choice of Earth structure model on water storage estimates, which may lead to in-
accuracies in estimated TWS and misinformed decision making by water managers and
policy makers. The deformation response of the Earth due to variations in TWS is con-
trolled by the spatiotemporal characteristics of the hydrologic surface mass as well as
the material properties of the Earth’s interior. To translate between observations of sur-
face displacement and changes in storage within natural reservoirs, prior knowledge of
the Earth’s elastic and density structure is required to accurately predict displacement
of the Earth’s surface to an applied load (e.g. Farrell, 1972; Martens et al., 2019). A ma-
jority of studies using GNSS observations to estimate TWS have used globally averaged
estimates of Earth structure, such as PREM (Dziewonski & Anderson, 1981) or Gutenberg-
Bullen (Alterman et al., 1961), to map between observations of surface displacement and
estimates of TWS (e.g Argus et al., 2014; Borsa et al., 2014; Argus et al., 2017; Enzminger
et al., 2018).

Recent studies suggest that displacements produced by changes in surface mass can
be highly sensitive to the local material properties and structural features of the crust
and upper mantle, especially for surface loading occurring at relatively fine spatial scales
(e.g.<2500 km?) (e.g Martens, Simons, et al., 2016; Dill et al., 2015). For example, Martens,
Rivera, et al. (2016) computed sensitivity kernels for the load Love number (LLNs) and
load Green’s function (LGFSs), which describe the deformation response of the Earth to
an applied unit point load, by systematically perturbing the elastic and density struc-
ture of PREM through the crust and upper mantle, finding the LGFs to be predominately
sensitive to variations in elastic material properties in the upper 500 km of the Earth.
Further, Dill et al. (2015) quantified the effect of sensitivities to local crustal structure
on the deformation response to surface loading using grids of local LGF's, finding mag-
nitudes of differences up to 25% for vertical displacement and 91% for horizontal displace-
ment. Such sensitivities offer the possibility of tomographic studies to refine seismolog-
ically derived Earth models’ structural deficiencies when the loading source is reason-
ably constrained, such as the Earth’s ocean tides (e.g. ITto & Simons, 2011). In the in-
terest of using GNSS observations to better manage water resources across various spa-
tial scales (e.g., continental-scale vs. watershed-scale), assumptions about the Earth’s
interior structure may significantly bias TWS estimates depending on the spatial scale
of interest due to sensitivities to the shallow material properties of the Earth, which can
differ significantly across regions.

The uncertainty of TWS estimates associated with choice of Earth structure has
only recently begun to be explored. For example, Wang et al. (2015) estimated the ef-
fect of assumed Earth structure on estimates of TWS derived from synthetic displace-
ment and gravity observations for the Tibetan Plateau. Utilizing a one-dimensional Earth
model that reflected the regional crustal structure of the Tibetan Plateau, they produced
forward modeled surface displacements from an input hydrologic load model. Following
this, an inversion of the synthetic displacements revealed that only 88% of the input load

could be recovered when using an a priori Earth model that differed from the one-dimensional

local crustal structure of the Tibetan Plateau. However, the study was limited to a sin-
gle load size that spanned the area of the Tibetan Plateau (~ 2.5 million km?).

Here, we investigate the sensitivity of surface loading to assumed Earth structure
to assess the associated implications in using geodetic measurements to estimate changes
in storage within natural reservoirs. We quantify the sensitivity of GNSS-inferred TWS
estimates to assumed Earth structure through a series of synthetic tests where displace-
ments produced by surface loads with varying spatial wavelength are inverted while as-
suming a suite of different reference Earth models. We then present a case study for the
western U.S., where we examine nearly two decades of seasonal TWS estimates produced
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from a variety of global and regional Earth models. Finally, we consider the impact of
assumed Earth structure on predicted surface displacement in regions experiencing long-
term (i.e., interannual to decadal) changes in mass within surface and subsurface reser-
voirs and identify regions where GNSS-inferred estimates of hydrologic and cryospheric
loading may be significantly biased unless an appropriate model for the interior struc-
ture of the Earth’s is adopted.

2 Synthetic Tests

To quantify the sensitivity of GNSS-inferred TWS estimates to assumed Earth struc-
ture, we carry out a series of synthetic tests which closely reflect the process and under-
lying logic applied when using real GNSS data to estimate changes in TWS. We create
a set of synthetic surface displacements for a single spherically symmetric, non-rotataing,
elastic, and isotropic (SNREI) Earth model, which we take to the be unknown true struc-
ture of the Earth. We then invert the synthetic displacements for estimates of TWS, while
assuming another SNREI Earth model in the design matrix of our inversion. By sim-
ulating scenarios where the assumed model for Earth structure differs from the true struc-
ture, we can the quantify the error in TWS estimates associated with the choice of an
a priori SNREI Earth model used in the inversion. Furthermore, by systematically vary-
ing the spatial wavelength of the loads used here, we assess the scale dependencies of the
errors. Here, we focus on the sensitivities of TWS estimates to choice of radially sym-
metric Earth model. To gain insight into how lateral contrasts in elasticity and density
affect the estimates of TWS, we include both global- and regional-scale models in our
comparisons.

2.1 Earth Models

To provide a broad sample of structural models for the Earth’s interior, we con-
sider common reference Earth models: PREM (Dziewonski & Anderson, 1981), AK135f
(Kennett et al., 1995; Montagner & Kennett, 1996), STW105 (Kustowski et al., 2008),
and 1066A (Gilbert & Dziewonski, 1975), which represent globally averaged estimates
of Earth structure (Fig. 1). Additionally, we consider regional Earth models: CR (Chu
et al., 2012)(Chu et al. 2012) and SNA (Grand & Helmberger, 1984), which represent
cratonic and stable North American structures. For SNA and CR, beneath approximately
1000 km depth we assume the material properties of AK135f. Lastly, we consider mod-
els derived from LITHO1.0 which reflect local crustal and upper mantle structure on a
1° tessellated global grid (Pasyanos et al., 2014). We consider LITHO1.0 models within
the western U.S. as there is a variety of geologic settings within the region (e.g., sedi-
mentary basins, mountain ranges) and later sections of the work presented here are con-
cerned with quantifying the effect of assumed Earth structure on GNSS-inferred TWS
estimates within specific mountain provinces of the region.

From LITHO1.0, three local one-dimensional Earth models were constructed to rep-
resent the average local crust and upper mantle structure of the San Joaquin, Sacramento,
Tulare (SST) River Basin, the Sierra Nevada, and the Cascade Range respectively. For
each local model, we consider multiple LITHO1.0 models within the region to produce
an estimate of the average local crustal structure. The sampling locations in which the
local crustal models were derived from LITHO1.0 as well as the local lithosphere thick-
nesses, below which we assume the material properties of AK135f, are displayed in Ta-
ble S1. For models that contain an ocean layer at the surface, we average the material
properties of the ocean layer and uppermost crustal layer to form a single homogeneous
layer. The density of the top layer is equal to the weighted mean density of the two orig-
inal layers, which conserves total mass, and the elastic moduli are equal to those of the
original uppermost crustal layer (Guo et al., 2004; Martens & Simons, 2020).
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Using LoadDef (Martens et al., 2019), we compute LLNs, LGFs, design matrices,
and forward modeled surface displacements. LLNs were computed from spherical har-
monic degree n = 0 to n = leb to ensure that the Love Numbers of Earth models with
relatively fine sedimentary layers in the uppermost crust converged with the asymptotic
approximation of the LLNs. LGFs for each model considered in this manuscript are dis-
played in the supplementary materials of this work (Fig. S1). All synthetic surface dis-
placements are computed assuming the Earth model PREM. Thus, we assume PREM
represents the true structure of the Earth in the synthetic tests presented here.

2.2 Load Models

We consider Gaussian-shaped surface loads to derive the synthetic surface displace-
ments. The load models represent isotropic bivariate normal distributions with a stan-
dard deviation, o, approximately equal to the Gaussian load’s half width at half max-
imum (HWHM). Each surface load has a maximum height of one meter of freshwater
at its center, which smoothly decays towards zero. For distances greater than four HWHM
lengths from the center of the load model, we truncate the load model and consider the
load amplitude to be equal to zero. We consider input load models of varying size (HWHMs
equivalent to 1 km, 2.5 km, ... , 750 km, 1000 km) to explore a variety of hydrologically
relevant spatial scales.

For each load model, surface displacements were computed for an evenly spaced
grid of synthetic GNSS stations, (a/8) km x (a/8) km resolution, where a is the HWHM
of the respective input load model. Synthetic displacements were computed with respect
to the center of mass of the solid Earth, commonly referred to as the CE reference frame
(Blewitt, 2003). Additionally, we consider the predicted displacements used in these syn-
thetic examples to be noise free, which allows for the sensitivity of TWS estimates to
Earth structure alone to be isolated. The input load model, distribution of synthetic GNSS
stations, and predicted displacements for a 10 km HWHM load are shown in Figure. 2.

2.3 Inverse Model

For each load model and synthetic station grid, we perform an inversion of the the
synthetic vertical displacements to estimate the input surface load. The recovered load
height is assumed to be uniform within every grid cell of the inversion grid. We solve for
the load within each grid cell by minimizing the damped least squares problem

[(Gim — d)|[3 + o | (Lm)|l3 (1)

where G; is the [n x m] design matrix containing the predicted elastic response of
assumed Earth structure 7 at each synthetic GNSS station to 1 meter of freshwater placed
in each grid cell of the model grid, m is the [m x 1] vector of unknown quantity of wa-
ter distributed uniformly within each grid cell, d is the [n x 1] vector of synthetic ver-
tical displacements at each station assuming PREM structure, L is a 2-D finite differ-
ence Laplacian operator used to enforce smoothness between neighboring grid cells, and
« is a regularization parameter, where higher o values result in smoother variations in
estimated surface mass between adjacent grid cells (Aster et al., 2019).

In order to avoid potential model bias induced by edge effects along the boundaries
of our model domain as well as through the use of the Laplacian operator, we take two
steps to ensure discrepancies in our final estimates of surface load are resultant of the
differences in Earth structure between the Earth models used to produce our data vec-
tor and design matrix respectively. To avoid bias induced by the Laplacian operator, we
construct load-model grids of equal resolution to that of the synthetic station grid, where
there is one synthetic GNSS station located at the center of each model grid cell. This
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Depth profiles through the middle mantle of one-dimensional Earth models: PREM

(blue), AK135f (orange), STW105 (green), SNA (olive), CR (cyan), 1066A (red) as well as mod-
els derived from the LITHO1.0 for the San Joaquin, Sacramento, Tulare River Basin (purple) and

Sierra Nevada (dashed purple) of California as well as the Cascade Range (dash-dot purple) of

Washington, Oregon, and northern California. Panels (a) & (b) show P-wave (V,) and S-wave

(Vs) velocity as a funciton of depth. Panels (c¢)-(e) show the shear modulus, bulk modulus, and

density profiles in log-space. Panels (f)-(h) show the maximum percentage difference between the

set of Earth models in log-space as a function of depth for the two elastic parameters and density
respectively. Adapted from Martens (2016) (cf. Fig.Al).



(b)

Figure 2.

a) 10 km HWHM Gaussian load model used for synthetic loading tests. Black dots
represent the location of synthetic GNSS stations used to produce the synthetic vertical displace-
ments assuming the material properties of PREM as well for estimating surface mass loading
utilizing a suite of other one-dimensional Earth models described in Section 3.1. The load ampli-
tude, denoted by the left color bar, represents the height of freshwater distributed evenly within
each pixel of the input load model. Subsequent figures display estimated surface load and error
along the profile line (A - A’). b) Forward modeled vertical and horizontal displacement produced
through the convolution of the LGFs of PREM with the load model depicted in a). The magni-
tude of vertical displacement is denoted by the right color bar. Blue contour lines represent 0.5
mm intervals of vertical displacement. The magnitude and direction of horizontal displacement
produced by the load model are depicted as black vector, with a reference vector located in the

lower right corner of panel b).
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ensures that the number of observations n is equal to the number of model parameters
m being solved for, making our linear system even-determined with a unique solution.
As a result, eq. (1) reduces to

I(Gim — a5 (2)

To address unwanted edge effects, we alter the original boundary of our model do-
main to extend 8 half width lengths from the center of each load model. Upon solving
eq. (2), we then only consider model grid cells within 4 half width lengths from the cen-
ter of the load model for further analysis. Similar to previous studies, we find estimates
of surface load to be sensitive to the location of the model domain’s boundaries (e.g. Fu
et al., 2015). When the edge of the model domain is not extended from its original po-
sition, we observe the value of estimated surface load within grid cells along the edge of
the domain to be nearly 30% greater than the true value represented by the input load
model.

To quantify the sensitivity of GNSS-inferred TWS estimates to assumed Earth struc-
ture, we compute the error, m; —my.ye, between the estimated surface load produced
assuming Earth structure ¢ and the ¢rue load model used to produce the synthetic dis-
placements used in eq. (2). We display estimates of surface load derived from the suite
of Earth models considered here as well as their error relative to the true load’s value
along a profile, which crosses the center of each load model (A-A’) (Fig. 2).

2.4 Effect of Assumed Earth Structure on Estimated Surface Loading

Estimated surface load and error profiles for select load models are displayed in Fig-
ure. 3. Relative error between estimates of surface load and the true load model are max-
imized at relatively fine loading scales (e.g., <10 km HWHM), where the true load’s value
can be incorrectly estimated by over 75% at the center of the load for select Earth mod-
els (Fig. 3, Fig. 4). Similarly, we find for loads with relatively small spatial wavelengths,
errors in the recovered load can span the entire area of the load model (e.g., Fig. 3b).

In comparison, as the spatial wavelength of the surface load becomes progressively large,
error in recovered load is primarily concentrated within one half width length from the
center of the load and is near zero for distances beyond this (e.g., Fig. 3h).

As the Earth’s response to surface loading occurring at relatively fine spatial scales
is predominately controlled by the shallow material properties of the Earth (Martens,
Rivera, et al., 2016), discrepancies in estimated surface load reported here reflect differ-
ences in the Earth model used to construct the design matrices of our inverse problem,
which may contain multiple sedimentary layers in the uppermost crust or a deep cratonic
keel, and the globally averaged estimate of Earth structure used to produce the data vec-
tor. Such discrepancies are most apparent for Earth models that represent regional es-
timates of structure, such as CR and SNA, or those representing local crustal structure
of specific regions within the western U.S., which differ significantly from the upper crustal
structure of PREM (Fig. 1). Additional surface load and error profiles for surface loads
characterized by other spatial wavelengths considered as a part of this work are provided
in the supporting information (Fig. S2-S5).

We therefore find that an incorrect assumption about the material properties of
the Earth may yield highly incorrect estimates of surface load when estimating changes
in storage within natural reservoirs occurring over short distances, and that errors as-
sociated with assumed Earth structure diminish as the spatial wavelength of loading be-
comes increasingly large (Fig. 4a). Errors tend to be less than 10% of the true load’s value
when considering surface loads with a HWHM greater than 10 km and become even smaller,
less than 2%, as the load HWHM approaches 1000 km. Such findings are consistent with
an increasing sensitivity to Earth structure over broader depth ranges as the size of sur-
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Figure 3. Estimated surface load and associated error for inversion estimates assuming the
SNREI Earth structures shown in Fig. 1 along the profile A-A’ in Fig. 2 for surface loads corre-
sponding to HWHMSs of: (a-b) 1 km, (c-d) 10 km, (e-f) 100 km, and (g-h) 1000 km.
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face loading increases (Martens, Rivera, et al., 2016), which reduces the sensitivity to
highly variable shallow Earth structure (Fig. 1). Errors for Earth models that differ from
PREM over broad depth ranges, however, such as STW105 and AK135f, become increas-
ingly large relative to the error for other models that deviate from PREM primarily in
the crust and upper mantle (Fig. S2-S5).

As expected, the differences between the estimated and true load’s values can be
related to the differences in LGFs between the SNREI Earth models used to generate
the data vector, d, and the design matrix, G, of the inverse problem. For instance, the
LGFs for SNA exhibit smaller displacements within the range of 0.001°—0.1° relative
to PREM, which would correspond to lower amplitude displacements relative to PREM
for distributed loads within this range (Fig. S1). When inverting the synthetic displace-
ments that reflect PREM’s response to the input load, a design matrix corresponding
to SNA overestimates of the true load’s value (e.g., Fig. 3a). This is the result of SNA
producing smaller amplitude displacements relative to PREM when an identical load is
applied to both. If the data vector, d, consists of displacements derived from a ’soft’ Earth
model (in this case, PREM) relative to a ’hard’ Earth model described by the design ma-
trix, G, there will be a systematic overestimation of the true load’s value. Similar rela-
tionships are found for Earth models with LGFs that exhibit displacement amplitudes
greater than those of PREM, such as 1066A — the true load’s value will be systemati-
cally underestimated.

In addition to increased sensitivity to Earth structure for relatively small surface
loads, we find sensitivities generally follow the geometry of the Gaussian load model used
to produce synthetic displacements, where the largest errors in estimated surface load
are located near the center (and peak) of the load model (Fig. 4b). For example, we find
that error in recovered water load decreases by a factor of two within one half width length
of the center of the load. Similarly, for distances greater than two half width lengths, er-
rors tend to be less than 5% of the load model’s true value, irrespective of the load model’s
spatial wavelength. Such findings are consistent with previous studies that have found
differences in predictions of surface loading between Earth models are maximized in ar-
eas where the amplitude of surface loading is relatively large or at small observer-to-load
distances (e.g. Ito & Simons, 2011; Martens, Simons, et al., 2016; Argus et al., 2017).

Our findings highlight the potential impact of an incorrect assumption about the Earth’s
interior structure on GNSS-inferred estimates of TWS made across broad regions. For
instance, when estimating variations in storage within the region surrounding the Sierra
Nevada of California (e.g. Enzminger et al., 2018), sensitivities to Earth structure will
yield errors in estimated TWS concentrated within the mountains, where surface load-
ing is particularly large as a result of the seasonal accumulation of rain and snow, with
errors quickly decaying in adjacent regions where the amplitude of surface loading is small
relative to the nearby mountains.

While this appears to be generally true, we find for particular Earth model-load
model combinations, peak sensitivity can be shifted away from the center of the load (Fig.
S6-S8). We believe these increased sensitivities away from the center of the load model
to be resultant of differences in the elastic and density structure of a chosen Earth model
with that of PREM over a specific depth range. For example, an inversion assuming the
structure of CR exhibits peak sensitivity for a 25 km HWHM load at a distance of 30
km from the center of the load model. When comparing the elastic and density struc-
ture of PREM and CR, we find there to be a ~2.7% reduction in the elastic and den-
sity parameters of CR relative to PREM between depths of 24-40 km. Similar results
were found in Martens, Rivera, et al. (2016) where ocean tidal loading sensitivities shifted
inland away from the coast, where displacements were maximized, as the elastic and den-
sity structure of PREM was systematically perturbed over various depth ranges.

In absolute terms, the results here display the impact of an incorrect assumption
about the Earth’s interior structure when using geodetic observations of surface load-
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produce synthetic displacements.
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ing across spatial scales relevant for the effective management of freshwater resources.

For example, an incorrect assumption about the Earth’s local crustal properties may yield
errors nearly as large as 0.8 m when considering a one meter surface load spanning a few
kilometers. Consequently, the synthetic tests presented here shed light on the uncertain-
ties that arise from using observations of hydrology-induced surface loading to estimate
TWS. Hydrogeodesists and water managers must be aware of the biases that can be in-
troduced through assumptions about Earth structure in the modeling process, since un-
certainties in estimated TWS can be significant, especially at small spatial scales.

3 Western U.S. Case Study

To build from the synthetic tests, we consider a case study for the western U.S. that
explores the impact of Earth structure on inversions for TWS that use real geodetic data.
When working with real data, we do not know the true structure of the Earth, yet we
must still select an Earth model to construct the design matrix of the inverse problem.
Furthermore, hydrologic loads can exhibit highly heterogeneous spatial patterns across
a range of spatial and temporal scales (Skgien et al., 2003). Additionally, the distribu-
tion of GNSS stations used to estimate variations in TWS are non-uniformly distributed,
which can affect the ability to resolve variations in TWS occurring at relatively fine spa-
tial scales.

To further assess the effect of assumed Earth structure on TWS estimates derived
from observations of surface loading and quantify the associated uncertainty using real
data, we consider seasonal variations in TWS in the western U.S. between January 1,
2006, and September 30, 2022. We selected the western U.S. as an illustrative and rel-
evant example as (1) the region contains a dense network of GNSS stations allowing for
estimates of TWS to be made at a relatively fine spatial scale (approx. 25 km); (2) many
stations in the region have long and continuous periods of record, allowing for variations
in TWS associated with prolonged periods of drought and precipitation to be made; and
(3) the application of space geodetic observations to estimate changes in TWS within
the region has been a topic of increasing interest over the past decade in light of several
cycles of major drought and recovery (e.g. Argus et al., 2014; Borsa et al., 2014; Carl-
son et al., 2022; Argus et al., 2022).

3.1 Isolating Seasonal Hydrologic Loading

For this case study, we consider vertical displacements observed within the west-
ern U.S. (defined as 31.75° N — 50.25° N, 124.75°W — 103.25°W) associated with sea-
sonal fluctuations of storage within hydrologic reservoirs. We initially obtain 2961 daily
vertical GNSS station time series estimated by the Nevada Geodetic Laboratory (NGL)
in the IGS14 reference frame (Blewitt et al., 2018; Kreemer et al., 2018).

To isolate the effect of seasonal changes in TWS on station positions, we carried
out the following post-processing steps: (1) identify and discard stations with less than
5 years of data during our period of study (January 2006 to September 2022); (2) remove
predicted vertical displacement associated with nontidal atmospheric and nontidal oceanic
loading using daily averaged estimates from the German Research Center for Geosciences
Postdam (GFZ) (Dill & Dobslaw, 2013); (3) estimate and remove vertical displacement
associated with glacial isostatic adjustment (GIA) using estimates from ICE-6GD (VM5a)
(Peltier et al., 2018); (4) remove segments of data shorter than 60 days and separated
by other data by at least 60 days, as these isolated segments may reflect station-specific
equipment malfunctions; (5) remove time series offsets larger than 8 mm associated with
known earthquakes and equipment changes using a catalog of known events and offset
amplitudes provides by the GAGE facility (Herring et al., 2016); (6) for coseismic off-
sets larger than 40 mm, fit and remove a logarithmic decay model to characterize post
seismic relaxation (Kreemer et al., 2006); (7) remove outliers using a median absolution
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deviation (MAD) filter with a running median window of 30 days and a median abso-
lute deviation threshold factor of 10; (8) fit and remove the linear trend from each time
series to remove secular signals such as uplift associated with periods of drought from
the station positions; (9) convert daily position estimates into mean monthly estimates;
(10) remove elastic deformation produced by variations in TWS occurring outside of the
western U.S. by forward modeling displacements inferred from the Jet Propulsion Lab-
oratory’s monthly GRACE mascon solution (version RL06.1M) (Landerer et al., 2020;
Watkins et al., 2015; Wiese et al., 2016) using the Earth model PREM; and (11) esti-
mate and remove each year’s mean vertical position to remove displacements associated
with interannual variations in TWS (i.e., interannual drought and wet periods). We fol-
low the procedure described in Argus et al. (2022) for interpolating GRACE estimates
of TWS to periods in which GRACE or GRACE-FO estimates are unavailable.

Following these steps, we identify stations that exhibit peak vertical uplift during
the winter months to be exhibiting poroelastic behavior associated with the filling of lo-
cal aquifers. We identify and remove 134 stations exhibiting poroelastic behavior. Ad-
ditionally, we identify and remove 30 stations dominated by volcanic deformation pri-
marily near the boundaries of the Long Valley Caldera and the Yellowstone hotspot. Fi-
nally, we remove 16 stations predominately located near the epicenters of the Baja and
Ridgecrest earthquakes that have been strongly biased by postseismic transients. Fol-
lowing these steps and subsequent removals, we are left with seasonal changes in verti-
cal position for 1685 stations within the study region. As the time series for some sta-
tions are not continuous throughout the duration of this study, each time step in the in-
version contains a varied number of observations in the data vector. The final list of sta-
tions chosen to be used in this study can be found in the supplemental materials (Data
Set S1).

3.2 Estimating Seasonal Variations in TWS from Observed Vertical Dis-
placement

We performed an inversion of the observed monthly averaged elastic vertical dis-
placements to estimate monthly changes in seasonal TWS in the western U.S. between
January 2006 and September 2022 on a regular model grid with a resolution of 1/4°. Fol-
lowing a similar approach as that described in Section 2., we minimize the damped least
squares problem where G; represents the design matrix associated with assumed SNREI
Earth model i. All estimates of TWS reported here are considered anomalies relative to
the January 2006 - September 2022 temporal mean.

Due to the uneven distribution of GPS stations in the region, particularly along
the eastern portion of our study area, we find there can be large mass anomalies we deem
nonphysical (Fig. S9). We believe these features to be the result of a lack of observa-
tional constraints in these regions, as well as geophysical signals that were not removed
or improperly removed during the post-processing steps described in Section 4.1. To pre-
vent such features from biasing our estimates of TWS, we incorporate additional con-
strains on the size of the model, equivalent to applying zeroth-order Tikhonov regular-
ization (Aster et al., 2019). Thus, to estimate changes in TWS in the western U.S., we
augment eq. (1) as follows

1(Gim = d)|l5 + o [|(Lm)ll3 + 52 [|(m)]3 3)

where 3 is the added regularization parameter that controls the relative amplitude
of the model parameters. Like many inverse problems, the problem is ill-posed and under-
determined, thus the problem is non-unique. The regularization parameters o and 3 act
to limit the number of solutions, m, that can adequately fit the data vector, d. We use
the L-curve criterion (Hansen, 1992), to determine optimal values of « and 8 that min-
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imize the residual between the best-fit model and data vector while keeping solutions smooth
and parameter amplitudes relatively small. Through L-curve analysis, we find the op-
timal values of o and 8 to be 2.5 and 1.0 respectively.

3.3 Sensitivity of Estimated Seasonal Hydrologic Loading to SNREI Earth
Structure

We now compare monthly TWS estimates derived from the suite of Earth mod-
els introduced in Section 3.1. For this case study, we omit two Earth models (SNA and
CR) that reflect continental shield and cratonic structure respectively as they would im-
properly describe the material properties and structural features of the western U.S. To
develop a general understanding of the sensitivity of seasonal TWS estimates in the west-
ern U.S., for each Earth model used here we compute monthly stacked estimates of TWS
throughout the study period. It should be noted that while monthly stacked estimates
of storage allow us to consider the sensitivity of TWS estimates to Earth structure dur-
ing a ’typical’ seasonal fluctuation in storage within the region, there can be consider-
able interannual variation in seasonal amplitude of TWS associated with years of higher/lower
than average winter precipitation (e.g Enzminger et al., 2019), which may result in in-
creased /decreased sensitivity to Earth structure owing to variations in seasonal ampli-
tude (Fig. 7a).

Figure 5. depicts the monthly stacked estimate of storage for the month of April
assuming PREM and the direct difference between estimates derived from the other Earth
models considered here. For the month of April, mountainous regions of the western U.S.,
such as the Sierra Nevada and Cascade Range are estimated to have high amplitude sea-
sonal changes in storage within surface and subsurface reservoirs as large as 300 mm of
equivalent water thickness relative to the mean annual storage. Adjacent regions are es-
timated to experience declines in storage during the month of April, such as the Willamette
Valley of Oregon, or report lower amplitude changes in storage, typically less than 100
mm of equivalent water thickness, for the month of April.

As peaks in storage are estimated to occur primarily within mountainous regions
during the month of April, we naturally find the largest discrepancies between estimates
derived from different Earth models within these regions (Fig. 5b-g). For example, dif-
ferences in estimated storage derived from PREM and other Earth models that repre-
sent globally averaged estimates of Earth structure, such as AK135f and 1066A, can be
as large as 40 mm in equivalent water thickness and extend across broad regions of the
western U.S., typically spanning the entire length of mountain ranges, such as the Sierra
Nevada (e.g., Fig. 5b). Conversely, regions estimated to have relatively small amplitude
changes in seasonal storage exhibit differences that are typically less than 10 mm in am-
plitude. Discrepancies between estimates derived from PREM and STW105 tend to be
on the order of 5 mm or less extending across broad regions of the western U.S. When
considering differences between estimates of TWS derived from PREM and LITHO1.0
models constructed to reflect the local Earth structure of specific regions within the west-
ern U.S., we find differences as large as 90 mm of equivalent water thickness, but such
discrepancies are confined to relatively small areas within the study region, such as the
area surrounding Lake Tahoe of California and Nevada (e.g., Fig. 5e).

Figure. 6 depicts the monthly stacked estimate of seasonal storage for the month
of October. In contrast to estimates for the month of April when storage is typically at
its annual maximum in the western U.S., October is often characterized as the time of
the year in which storage is at its annual minimum, as precipitation in the form of rain
and snow is negligible in a majority of the western U.S. As such, it is expected that our
estimates of seasonal TWS in the western U.S. for the month of October are predom-
inately negative and nearly equal in amplitude to estimates made for the month of April.
For example, we find most mountainous areas to exhibit average storage deficits equal
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Figure 5. (a) Multi-year monthly stacked estimate of seasonal change in storage for the
month of April. Sharp black lines define the boundaries of the HUC-8 watersheds within the
Sierra Nevada and Cascade Range respectively. The gray shaded region represents the area con-
stituting the SST River Basin of California. Black inverted triangles represent GNSS stations
within the western U.S. used to constrain variations in seasonal TWS. Contours represent 125
mm intervals of equivalent water thickness. Direct differences between pairs of TWS estimates for
the month of April using select Earth models: (b) PREM and AK135f, (c) PREM and STW105,
(d) PREM and 1066A, (¢) PREM and LITHO1.0 model for the SST River Basin, (f) PREM and
LITHO1.0 model for the Sierra Nevada, and (g) PREM and LITHO1.0 model for the Cascade
Range. The color bars at right denotes the amplitude of the residuals between TWS estimates.

Contours represent 10 mm residual intervals of equivalent water thickness.
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to 250 mm of equivalent water thickness. Similar to the month of April, when compar-
ing estimates made assuming different models to represent the structure of the Earth,

the largest discrepancies are found in regions experiencing the highest amplitude changes
in seasonal storage. Discrepancies in estimated TWS between PREM and other glob-

ally averaged estimates of Earth structure yield differences as large as 30 mm spanning
broad regions that align with major mountain provinces of the western U.S. Estimates

of TWS assuming the local LITHO1.0 models can differ from estimates made assuming
PREM within relatively small areas by over 80 mm of equivalent water thickness. Es-
timates of seasonal TWS and direct differences between the Earth models considered here
for other months are included in the supplemental materials (Fig. S10-19).

As water storage dynamics in the western U.S. have been found to be closely tied
to the annual accumulation and melting of snowpack deposited in mountains during win-
ter months (e.g Brown et al., 2008), we find it reasonable that estimates of seasonal TWS
would exhibit the largest sensitivities to Earth structure in mountainous areas where the
seasonal accumulation of precipitation is relatively large. In addition, we find the dis-
crepancies displayed in Figs 5-6 between Earth models to reflect differences in the ma-
terial properties of each Earth model being used here. For example, the local LITHO1.0
models used here may contain multiple sedimentary units in the uppermost crust of the
Earth, yielding higher amplitude LGFs in the near-field compared to PREM (Fig. S1).
As a result, estimates of TWS derived from the LITHO1.0 models tend to differ from
estimates made with PREM at relatively high amplitude over small distances (Figs. 5-
6). These differences may reflect GNSS stations observing localized hydrologic loading,
such as changes in storage within a nearby lake or artificial reservoir. Although, we note
that the estimates derived from the LITHO1.0 model for the Sierra Nevada, which lacks
sedimentary units in its uppermost crust, differ from estimates assuming the structure
of PREM by less than 10 mm of equivalent water thickness. In contrast, the material
properties of the other Earth models being considered tend to differ from PREM over
much broader depth ranges, resulting in larger sensitivities to loading occurring within
the mid-field. Discrepancies spread across many layers yield relatively smaller amplitude
discrepancies in estimates of TWS that span much broader regions of the western U.S.

We now consider the effect of differences in assumed Earth structure on estimates
of seasonal TWS within specific mountain and agricultural provinces vital for the effec-
tive management of freshwater resources within the western U.S. Figure. 7 displays es-
timates of seasonal TWS for the SST River Basin, Sierra Nevada of California and the
Cascade Range of Washington, Oregon, and northern California derived from the suite
of Earth models considered here. Boundaries for each province are depicted as black or
shaded regions in Figs 5-6 and are defined by the boundaries of watersheds within each
region. We find that estimates of storage can differ by up to 12.4, 13.6, and 9.8 percent
of the annual oscillation of storage within each of these regions respectively and are max-
imized in spring and fall months when storage within natural reservoirs is assumed to
be at its annual maximum/minimum.

Of the Earth models considered here, we find AK135f to yield the most discrepant
estimates of TWS within the western U.S. When discarded from our analysis, we find
estimates of TWS within the SST, Sierra Nevada, and Cascades to vary by 6.7, 7.2, and
5.4 percent respectively. Inspection of the LGFs of AK135f reveal smaller displacements
at angular distances between 0.001 and 1.0 degrees compared to the LGF's of the other
Earth models considered here (Fig. S1). Such discrepancies between LGFs may be partly
explained by AK135f containing a relatively rigid elastic structure in the upper 80 km
of the Earth (Fig. 1). Furthermore, such discrepancies may indicate that hydrologic sur-
face loading observed by GNSS stations within the western U.S. is characterized by a
spatial wavelength on the order of tens of kilometers, increasing sensitivities to differ-
ences in structure between a chosen a priori Earth model and the true structure of the
Earth over these depths (Martens, Rivera, et al., 2016).
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When estimating seasonal changes in storage within individual mountain and agri-
cultural provinces of the western U.S., we find that estimates assuming different mod-
els for the interior structure of the Earth differ by less than 14% and differences in es-
timates of storage remain small relative to reported formal uncertainties of GNSS-inferred
TWS estimates within the region (e.g. Argus et al., 2017; Carlson et al., 2022). Nonethe-
less, water managers and policy makers should be mindful of the uncertainties associ-
ated with specific assumptions underlying the models used to convert geodetic measure-
ments into estimates of TWS. Although, we should note that the results presented here
only provide a sense of precision of estimated seasonal TWS within the western U.S. The
true error in estimated TWS may be much larger if all of the Earth models considered
here differ substantially from the true structure of the region.

Additionally, the results of Section 3. as well the comparisons of seasonal TWS be-
tween PREM and the local LITHO1.0 models point out that as the spatial-scale of sur-
face loading becomes increasingly fine, sensitivity to Earth structure can have a signif-
icant effect on estimates of TWS. As such, we find current approaches utilized to esti-
mate TWS within mountain and agricultural provinces of the western U.S. are subject
to minor biases associated with assumed Earth structure as many of these provinces span
large areas within the region. However, as it becomes of interest to use geodetic meth-
ods to constrain storage within individual watersheds and even small areas, lack of knowl-
edge of the local crust and upper mantle structure of a region may yield estimates of TWS
that are significantly biased by choice of Earth model. Moreover, as GNSS networks in
the western U.S. become increasingly dense, and non-hydrologic processes that deform
the Earth are more accurately modeled and removed from GNSS time series, uncertain-
ties of GNSS-inferred TWS estimates associated with Earth structure may become in-
creasingly significant.
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Figure 7. Estimated change in volumetric storage (km3) between January 2006 and Septem-
ber 2022 in the (a) SST River Basin. The yellow shaded area depicts the maximum difference in
estimated storage between the Earth models used here. The solid blue line represents the maxi-
mum percentage difference between estimates of storage relative to that year’s annual amplitude
(blue shaded area). (b-d) Multi-year monthly stacked estimates of storage within the SST River
Basin, Sierra Nevada of California, and the Cascade Range of Washington, Oregon, and northern
California. The red line depicts the estimated mean seasonal fluctuation in storage within each
region considering estimates derived from the seven Earth models used here (light gray lines).
The light blue line depicts the maximum percentage difference between residuals derived from
the set of Earth models considered here relative to the estimated mean seasonal amplitude of all
models. The blue shaded area depicts the standard deviation of seasonal storage considering the

full time series of monthly TWS estimates between January 2006 and September 2022.
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542 4 Predicted Global Hydrologic Loading

543 While the previous sections provide an awareness of the scale dependence of error
544 in GNSS-inferred TWS estimates and the sensitivity of seasonal TWS estimates in the
545 western U.S. to assumed Earth structure, we have only considered the effect of assumed
546 Earth structure for surface loads that are invariant in time (Section 2.) or oscillate at
547 an annual time scale (Section 3.). However, in many regions, hydrologic and cryospheric
548 reservoirs have seen significant changes in storage over the past several decades associ-
549 ated with modern shifts in climate and an increasing reliance on groundwater to meet

550 human needs as the global population grows (e.g. Wada et al., 2010; Paolo et al., 2015;
551 Rodell et al., 2018; Seo et al., 2023). As such, loading and unloading of the solid Earth

552 associated with long-term storage variations produces measurable changes in the Earth’s
553 figure and gravity field which can be used to constrain decreases in groundwater stor-

554 age associated with multi-year drought (e.g. Argus et al., 2017; Liu et al., 2022; Argus

555 et al., 2022), mass loss from the planet’s ice sheet’s and glaciers (e.g. Wouters et al., 2019;

556 Sasgen et al., 2020), and changes in global mean sea level (e.g. Reager et al., 2016; Jeon
557 et al., 2018).

558 In addition to constraining variations in storage within natural reservoirs, obser-

559 vations of surface displacement may be compared with predictions (typically assuming

560 a radially varying Earth model) to characterize deformation of the Earth’s surface pro-
561 duced by the Earth’s elastic response to modern day changes in the distribution of sur-
562 face and near surface mass and the viscous response to much older loading/unloading

563 events through processes such as glacial isostatic adjustment. Through such comparisons,
564 it is possible to acquire unique information about the viscosity structure of the Earth’s
565 mantle (Velicogna & Wahr, 2002; Nield et al., 2014; Koulali et al., 2022). Furthermore,
566 by separating observations of surface displacement produced by past and present load-

567 ing, area-specific sea level rise may be attributed to the unique Earth system process pro-
568 ducing mass redistribution as well as motion of the Earth’s surface (Zanchettin et al.,

560 2021; Ziegler et al., 2022).

570 As we saw in previous sections, in areas experiencing relatively high amplitude changes
571 in storage (i.e., the source of surface loading/unloading is large), there is an increased

572 sensitivity to the choice of Earth model used to model displacements produced by an ap-
573 plied load. As such, in regions that have experienced large-scale and systematic changes
574 in storage within surface and near-surface reservoirs over the past several decades, such
575 as the Greenland ice sheet, we presume that predictions of elastic displacement may be
576 particularly sensitive to choice of Earth model. To explore this further, we next consider
577 forward model predictions of elastic displacement produced by global variations in stor-
578 age within natural reservoirs over the past two decades.

579 4.1 Effect of Earth Structure on Predicted Vertical Land Motion

580 Using LoadDef (Martens et al., 2019), we model surface displacements produced

581 by global hydrologic loading derived from liquid water equivalent estimates of the Jet

582 Propulsion Laboratory’s monthly GRACE mascon solution (version RL06.1M) (Landerer
583 et al., 2020; Watkins et al., 2015; Wiese et al., 2016) over a global 1°x1° grid. We model

584 vertical displacement of the Earth’s surface over the past two decades (spanning April
585 2002 to September 2022) to identify regions experiencing strong multi-decadal changes
586 in storage, and to estimate the discrepancies in predicted displacement that can be in-
587 troduced by assuming different models for Earth structure. Predictions of global hydro-

588 logic loading are computed assuming commonly used Earth models: PREM, AK135f,
589 STW105, and 1066A. All predictions reported here are considered relative to April, 2002.

590 Figure. 8 shows predictions of global vertical displacement for select months be-
501 tween April, 2002 and September 2022. Regions that have observed considerable loss of
502 mass stored within natural reservoirs over the past two decades such as the Greenland
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ice sheet, western Antarctica, and southeastern Alaska exhibit relatively large uplift. For
example, we find western portions of the Greenland ice sheet are predicted to have risen
between 160 and 180 mm at a mean rate of 8.3 mm/yr since April, 2002 through the Earth’s
elastic response to pervasive loss of ice stored within the ice sheet, consistent with pre-
vious findings (e.g. Tapley et al., 2019). Conversely, regions that have observed increases
in hydrologic storage relative to the start of the time series exhibit subsidence (e.g., Ama-
zon river basin in April 2022).

Figure. 8 b-d show vector differences between pairs of forward models using dif-
ferent globally averaged estimates of Earth structure. The largest discrepancies between
predictions are located in polar regions where significant unloading of the Earth’s sur-
face has occurred over the past two decades due to the loss of ice mass and can be as
large as 20 mm for select forward model pairs. Relatively large discrepancies between
forward model predictions also exist in regions that have seen increases in storage within
hydrologic reservoirs over the past two decades, such as eastern Antarctica and the west-
ern Zambezi basin of Africa (Rodell et al., 2018). However, the increases in storage within
these regions, and thus predicted displacement and differences between predictions de-
rived from various Earth models, are smaller in amplitude compared to mass deficits in
regions containing large ice sheets and glaciers. Vector differences for other pairs of Earth
models are provided in the supplemental information (Fig. S20).

To further investigate the effect of Earth structure on predictions of vertical dis-
placement associated with long-term changes in storage, we focus on regions that exhibit
the largest discrepancies between forward model predictions at the end of the study pe-
riod (Fig. 8). Namely, we consider the Greenland ice sheet, western Antarctica, and south-
eastern Alaska, as these regions have all experienced considerable losses of mass stored
within ice sheets or glaciers as a result of modern changes in global climate producing
significant uplift of the Earth’s surface. Time series of predicted vertical displacement
for individual synthetic GPS stations (denoted by inverted triangles in Fig. 9a) located
within our regions of interest are displayed in Figure. 9b-d.

Predictions of vertical displacement for the Greenland ice sheet and western Antarc-
tica demonstrate substantial linear trends over the past two decades, attributed to con-
tinuous ice loss within these regions, with minor variability in certain years (Fig. 9b, 9c).
Since April 2002, these regions are predicted to have experienced between 161 to 181 and
186 to 205 mm of uplift respectively. In both regions, the largest discrepancies in pre-
dictions are between AK135f and 1066A, which differ by over 19 and 18 mm respectively
by September 2022 and deviate from each other at a rate of nearly 1 mm per year (Fig.
S20a, S20b). Conversely, the smallest discrepancies in predicted displacement are found

between PREM and STW105, which differ by less than 4 mm within both regions by Septem-

ber 2022. Similarly, predictions in southeastern Alaska are characterized by a significant
linear trend associated with mass loss from glaciers within the region, although there is
also a notable seasonal oscillation in predicted displacement attributed to annual pre-
cipitation patterns (Fig. 9d). Since April 2002, southeastern Alaska is predicted to have
been uplifted between 79 and 85 mm over the past two decades. As with the other re-
gions considered here, the largest discrepancies are between AK135f and 1066A, with a
maximum difference of approximately 5 mm (Fig. S20c), while the smallest discrepan-
cies are between PREM and AK135f, with a difference of 1 mm.

We note two important findings depicted in Fig. 9 and their associated implica-
tions. First, as changes in storage within hydrologic and cryospheric reservoirs are sus-
tained over significant periods of time, acting as an increasingly large source of surface
loading/unloading, discrepancies in predicted vertical displacement between pairs of for-
ward models become increasingly significant. For example, differences in predicted up-
lift of the Greenland ice sheet between forward models using PREM and AK135f increase
from approximately 2.5 mm in April, 2009 to over 8 mm in April, 2022 (Fig. S20). As
such, when utilizing observations of surface loading to constrain changes in storage within
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Figure 9. (a) Predicted vertical displacement for the month of September 2022. Inverted
triangles represent sampling locations for the displacement time series depicted in panels (b-d).
Note: The color bar saturates beyond a value of 100 mm. Predictions between April 2002 and
September 2022 for select Earth models at : (b) 76.0° N, 58° W on the western portion of the
Greenland Ice Sheet, (c) 75° S, 112° W in western Antarctica, and (d) 61.0° N, 142° W in south-
eastern Alaska. Gaps in predicted VLM depicted here represent data gaps in the time series of
GRACE and GRACE-FO.
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natural reservoirs occurring over years to decades (e.g., deglaciation, drought, ground-
water depletion), the choice of Earth model becomes increasingly import as the source
of surface loading becomes progressively large. As a result, storage estimates and asso-
ciated interpretations may differ significantly owing to choice of Earth model. Similarly,
as many regions exhibit long-term vertical deformation produced by secular trends in
hydrology and glacial isostatic adjustment, prediction and subsequent removal of elas-
tic deformation produced by hydrologic loading may yield widely variable estimates of
the Earth’s viscous deformation response to past loading.

Second, we find that differences in predictions of long-term vertical displacement
can be significantly larger than the current observational uncertainty of GNSS (~ 1 mm),
especially in regions containing large ice sheets and glaciers. While such discrepancies
pose challenges in using observations of surface displacement to constrain variations in
storage within such regions, immense progress has been made over the past several decades
to provide accurate estimates of mass change within the Earth’s ice sheets and glaciers
using satellite altimetry (e.g. Spada et al., 2012; Smith et al., 2020) and gravity field ob-
servations (e.g. Chen et al., 2006; Sasgen et al., 2019). As such, we propose that com-
parison of predicted and observed surface displacement within these regions, may pro-
vide a unique opportunity to differentiate between suitable models for regional crust and
mantle structure. Such information would not only provide an independent approach to
constrain the interior structure of the Earth, complimenting estimates derived from seis-
mic observations, but would also allow for better characterization of deformation pro-
duced by glacial isostatic adjustment within these regions if deformation produced by
modern unloading can be accurately modeled and removed.

5 Conclusion

Here, we explore the sensitivity of terrestrial water storage estimates derived from
observations of surface mass loading to assumed Earth structure. Through a series of
synthetic loading tests, we find that as the spatial scale of surface loading becomes pro-
gressively smaller, estimates of terrestrial water storage can have errors associated with
the choice of Earth model nearly as large as 80%. As such, it may not be possible to make
accurate estimates of variations in storage using geodetic methods at relatively fine spa-
tial scales (<10 km) without comprehensive knowledge of a region’s local crustal struc-
ture, limiting the use of geodetic observations to constrain variations in storage within
relatively small hydrologic reservoirs, such as a lake or artificial reservoir. However, our
results indicate that surface loads on the order of tens to hundreds of kilometers in size
are well recovered, even if the Earth model used to estimate TWS differs from the Earth’s
interior structure.

To determine the effect of Earth structure in a region particularly relevant in the
field of hydrogeodesy, we estimated seasonal variations in GNSS-inferred terrestiral wa-
ter storage within the western U.S. between January 2006 and September 2022 using mul-
tiple global and regional models for the structure of the Earth. In general, we find the
largest discrepancies in estimates of seasonal TWS within mountainous regions of the
western U.S., where the seasonal accumulation of rain and snow act as a large source of
surface loading, enhancing sensitivities to structure relative to areas with small seasonal
fluctuations in storage. Similarly, we find sensitivities to Earth structure are maximized
in spring and fall months when many natural reservoirs are at their annual maximum/minimum.
Overall, we find that assumed Earth structure has a small bias on estimates of seasonal
TWS within mountain and agricultural provinces of the western U.S., yielding estimates
that can differ by over 13%.

In addition, to consider the effect of assumed Earth structure on estimating stor-
age and/or surface displacement associated with variations in storage within hydrologic
and cryospheric reservoirs occurring over several decades, we compared predictions of
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global hydrologic loading over the past two decades assuming globally averaged estimates

of Earth structure. Our results indicate that estimates of surface loading are particu-

larly sensitive to choice of Earth model in regions experiencing large-scale and system-

atic variations in storage within natural reservoirs, such as the Earth’s ice sheets and glaciers
where predictions of uplift associated with ice loss can differ by as much as 20 mm, sub-
stantially larger than the current observational uncertainty of GNSS. As a result, we pos-
tulate that observations of the Earth’s elastic response to mass loss from ice sheets and
glaciers may provide valuable information which may be used to constrain the elastic and
density structure of the crust and upper mantle.

Open Research Section

Solution files for the synthetic tests, stations used for the inversion in Section 3,
and estimates of seasonal water storage within the western U.S. for each month from Jan-
uary 2006 and September 2022 are publicly available at https://figshare.com/s/d191705ec826efdda812.
Jet Propulsion Laboratory’s GRACE Mascon solution can be accessed at https://grace.jpl.nasa.gov/
data/get-data/ jpl-global_mascons/. GPS positions processed at the Nevada Geodetic
Laboratory are available at http://geodesy.unr.edu/gps_timeseries/tenv3/IGS14/. The
LoadDef software suite can be accessed at https://github.com/hrmartens/LoadDef.
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11

12

13

Region

Sampling Location

Local Lithosphere Thick-
ness [km]

San Joaquin River Basin 39.792° N, —121.604° W 54.553
Sacramento River Basin 37.686° N, —120.475° W 54.679
Tulare River Basin 36.155° N, —119.409° W 76.14

Northern Sierra Nevada 39.612° N, —120.879° W 50.892
Central Sierra Nevada 38.102° N, —119.864° W 51.789
Southern Sierra Nevada 36.476° N, —118.496° W 68.309
Northern Cascades 48.404° N, —121.234° W 53.937
Central Cascades 45.399° N, —121.759° W 54.491
Southern Cascades 41.014° N, —122.118° W 61.983

Table S1. Sampling locations and local lithosphere thickness of radial profiles derived

from LITHO1.0 used compute the average local crust and upper mantle structure of the

SST River Basin, Sierra Nevada, and Cascade Range respectively.
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Figure S1. Displacement load Green’s functions computed in the CE reference frame for PREM

(blue), AK135f (orange), STW105 (green), SNA (olive), CR (cyan), 1066A (red), and average

crust and upper mantle models for the San Joaquin, Sacramento, Tulare River Basin (purple),

Sierra Nevada (dashed purple), and the Cascade Range (dash-dot purple). Panel (a) displays the

vertical-component of the LGFs over angular distances that range from 0.001° to 170° respec-

tively. The LGFs have been multiplied by a scaling factor 10*2af), where a is Earth’s mean radius

(units of meters) and 6 represents the angular distance between the applied load and the point

of observation (units of radians). Panel (b) displays the LGFs of the models considered here

relative to the LGFs of PREM. Panels (¢) and (d) depict a zoomed in version of the information

depicted in (a) and (b).
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Figure S2. Estimated surface load and associated error for inversion estimates

SNREI Earth structures shown in Fig.

assuming the

1 along the profile A-A’ in Fig. 2 for surface loads

corresponding to HWHMs of: (a-b) 1 km, (c-d) 2.5 km, (e-f) 5 km, and (g-h) 7.5 km.
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2 Figure S3. Estimated surface load and associated error for inversion estimates assuming the
5 SNREI Earth structures shown in Fig. 1 along the profile A-A’ in Fig. 2 for surface loads

»  corresponding to HWHMs of: (a-b) 10 km, (c-d) 17.5 km, (e-f) 25 km, and (g-h) 37.5 km.
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Figure S4. Estimated surface load and associated error for inversion estimates assuming the

SNREI Earth structures shown in Fig.

1 along the profile A-A’ in Fig. 2 for surface loads

corresponding to HWHMs of: (a-b) 50 km, (c-d) 67.5 km, (e-f) 75 km, and (g-h) 100 km.
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3 Figure S5. Estimated surface load and associated error for inversion estimates assuming the
3 SNREI Earth structures shown in Fig. 1 along the profile A-A’ in Fig. 2 for surface loads

o corresponding to HWHMSs of: (a-b) 175 km, (c-d) 250 km, (e-f) 500 km, and (g-h) 750 km.
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Figure S9. Estimated seasonal change in storage for the month of April 2017. (1) estimates
produced using eq.2 (b) estimates produced using equation eq.1 which yield large gains/losses
in the eastern portion of our model domain. Units are meter of equivalent water thickness.

Contours represent 250 mm of water loss/gain.

September 26, 2023, 5:12pm

o

Equivalent Water Thickness [mm]

-200

-400



56

57

58

59

60

61

62

63

64

65

January : PREM

35°N

e,

115°wW 110°W

-200 0 200 400

Equivalent Water Thickness [mm]

105°W

(b) PREM — AK135f (© PREM — STW105 (d) PREM — 1066A
j_’)//; §/L‘§ | 1 B T U:\“f\\ S Atj
> Vel ~ G e - [ e & e
ke W ® )‘ﬁ | S
) o i X K I 1/ e
o ! : \Y.:> A / 4 '0,\3
\7\‘3. ol . g P 20}
e N \ g \
:j\ g t‘( ¥ o ‘ ; k ~ ¥ Yj < //;\\‘
B g | o o)
) = | ,.Z 5. e
B X | N o N E
NN , ‘ ~ ‘ Loy |
L) b7 o i
(e) PREM - SST (f) PREM — Sierra Nevada (9) PREM - Cascades
L\V@@Z@ 7:\ it (s \: i \\: ;~ \g‘ ;’*,\ {
= i ( - € |
% Q o ‘C =y / g i \}‘\, s sz? (//\\ Ve
: z - ; ) @
b.? e g
Ve, : / @
L gl j P
i Ay LY L - o
@ N ®s ¢ 0 C=9! V) |
o A P
e By WX e
L » e
AN 94 ovla,
o ‘/' @ Z
| > : I * b
= 110°wW |05°W/ 120°W 115°W 110°W 105°W 120°W \1)|5°W 110°W 105°W/

Figure S10. a) Multi-year monthly stacked estimate of seasonal change in storage for the month

of January. Contours represent 125 mm intervals of equivalent water thickness. Direct differences

between pairs of TWS estimates for the month of April using select Earth models: (b) PREM

and AK135f, (¢) PREM and STW105, (d) PREM and 1066A, (¢) PREM and LITHO1.0 model

for the SST River Basin, (f) PREM and LITHO1.0 model for the Sierra Nevada, and (g) PREM

and LITHO1.0 model for the Cascade Range. The color bars at right denotes the amplitude of

the residuals between TWS estimates. Contours represent 10 mm residual intervals of equivalent

water thickness.
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Figure S11. a) Multi-year monthly stacked estimate of seasonal change in storage for the month
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7 Figure S12. a) Multi-year monthly stacked estimate of seasonal change in storage for the month
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Figure S14. a) Multi-year monthly stacked estimate of seasonal change in storage for the month

100

50

-100

Residual [mm]



82
(b) PREM — AK135f (c) PREM - STW105
A ‘ T
RUE - iyt
S o -~ T ~5 1 i
1 AN
(a) July : PREM NN ¢ o
i A
)
; N L
.
45°N - ay o
4k 1 s 216 5
> : I nj o> o /I
ey \
(f) PREM - Sierra Nevada 9) PREM — Cascades
40°N
= S0y . |
4 o s 1IN Wﬁ* A
% N J A 5 ; @y
s oK
o 3w 4/ B
“ ‘ 2
¢ 2 . 4 X 4 2 " Q v
R & ; i e %
g : 4 \\,@)\/ 7 h Ay / ; @H
120°W 115°W 110°W 105°W 0 \ ' N Y
-400 200 0 200 400 L A - b T Q o
Equivalent Water Thickness [mm] g0 @
o ~ s | R IS E
i \» : : : 9 Qlf\\
83 120°W 115°W 110°W 105°W 120°W 115°W 110°W 105°W 120°W 115°W 110°W 105°W

8 Figure S15. a) Multi-year monthly stacked estimate of seasonal change in storage for the month

85 of JUIy

September 26, 2023, 5:12pm

100

@
=}

-50

-100

Residual [mm]



86
(b) PREM — AK135f (c) PREM - STW105 (d) PREM — 1066A
e ‘ i =
/ 9\ J 7 M 3
August : PREM ) 0@ >
15 YA
®v @
3 «ﬂu V. ~’)/Cj o Riay
o [y
g © 5
A :
45°N % o ) o
g # o
N
(e) PREM - SST (f) PREM — Sierra Nevada (9) PREM - Cascades
40N i DA (AN SR \ (R (A 5 ’(
»\gwwm i : - 53)\) *O :
G > \ R”\ o
A <l o
3 Q“ﬁg/\/ \; ”Z\;@] ) ; A }JV )753*
35°N b )\ )Y / Dl ' i D)
—— O "@u{{) : )? i '\ ﬂ w *i (\»
[0 oA L B id
T ' 1%-’; : 0° 1Y i/ 4 ‘ J N oY
120°W 115°W 110°W 105°W %’@P fD L . . L @D f)
W0 50 29 f
-400  -200 0 200 400 "f@)
Equivalent Water Thickness [mm] 5N "?(i)[)"g @ \@ B /5/90 0 @)
NG ‘ 0
87 120°W 115°W 110°W 105°W 120°W 115°W 110°W 105°W 120°W 115°W 110°W 105°W
88

8 of August.

September 26, 2023, 5:12pm

Figure S16. a) Multi-year monthly stacked estimate of seasonal change in storage for the month
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Figure S20. a) Amplitude of the difference in predicted VLM between predictions derived
from PREM and 1066A for the month of September 2022. Inverted triangles represent sampling
locations for the time series of VLM depicted in panels (b-d). Difference in predicted VLM
between April 2002 and September 2022 for select Earth models at : (b) 76.0° N, 58° W on the
western portion of the Greenland Ice Sheet, (c) 75° S, 112° W in western Antarctica, and (d)
61.0° N, 142° W in southeastern Alaska. Gaps in predicted VLM depicted here represent data

gaps in the time series of GRACE and GRACE-FO.
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Dataset S1. Final stations used to invert observed vertical displacements within the western
U.S. to estimate seasonal changes in terrestrial water storage within the region between January
2006 and September 2022. The steps followed to determine the final set of stations used in this
study are described in the main text of this manuscript.
Dataset S2. Full dataset of inversion solutions (txt format) and input surface load models used
in the synthetic tests section of this work. Each file’s name in the data set describes both the
size of the load the solution corresponds to and the Earth model used in the design matrix of
the inversion.
Dataset S3. Full dataset of inversion solutions (txt format) for seasonal TWS changes in the
western U.S. between January 2006 and September 2022. Each file’s name indicates the Earth

model that used to construct the design matrix of the inversion.
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