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Abstract

Great Salt Lake (GSL), Utah, lost 1.89 +/- 0.04 meters of water during the 2012 to 2016 drought. During this timeframe,
data from the GRACE mission do not detect anomalous mass loss, but nearby Global Positioning System (GPS) stations show
significant shifts in position. We find that crustal deformation, from unloading the Earth’s crust with the observed GSL water
loss alone, does not explain the GPS displacements, suggesting contributions from additional water storage loss surrounding
GSL. This study applies a damped least squares inversion to the 3D GPS displacements to test a range of distributions of radial
mass load rings to fit the observations. When considering the horizontal and vertical displacements simultaneously, we find the
most realistic distribution of water loss while also resolving the observed water loss of the lake. Our preferred model identifies
radially decreasing mass loss up to 64 km from the lake. The contribution of exterior groundwater loss is substantial (10.9
+/- 2.8 km"3 vs. 5.5 +/- 1.0 km"3 on the lake), and greatly improves the fit to the observations. Nearby groundwater wells
exhibit significant water loss during the drought, which substantiates the presence of significant water loss outside of the lake,
but also highlights greater spatial variation than our model can resolve. We observe seismicity modulation within the inferred
load region, while the region outside the (un)loading reveals no significant modulation. Drier periods exhibit higher quantities

of events than wetter periods and changes in trend of the earthquake rate are correlated with regional mass trends.
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Key Points:

e 3D time-series of local GPS stations are sensitive to mass loss in Great Salt Lake and
additional groundwater contributions nearby.

* During the 2012 — 2016 drought, the Great Salt Lake basin lost 10.9 £ 2.8 km? of
groundwater while the lake itself lost 5.5 + 1.0 km?.

* Seismicity near Great Salt Lake is modulated throughout the drought cycle with
significantly more events occurring during drought periods.
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Abstract

Great Salt Lake (GSL), Utah, lost 1.89 = 0.04 meters of water during the 2012 to 2016 drought.
During this timeframe, data from the GRACE mission do not detect anomalous mass loss, but
nearby Global Positioning System (GPS) stations show significant shifts in position. We find that
crustal deformation, from unloading the Earth’s crust with the observed GSL water loss alone,
does not explain the GPS displacements, suggesting contributions from additional water storage
loss surrounding GSL. This study applies a damped least squares inversion to the 3D GPS
displacements to test a range of distributions of radial mass load rings to fit the observations.
When considering the horizontal and vertical displacements simultaneously, we find the most
realistic distribution of water loss while also resolving the observed water loss of the lake. Our
preferred model identifies radially decreasing mass loss up to 64 km from the lake. The
contribution of exterior groundwater loss is substantial (10.9 + 2.8 km? vs. 5.5 + 1.0 km? on the
lake), and greatly improves the fit to the observations. Nearby groundwater wells exhibit
significant water loss during the drought, which substantiates the presence of significant water
loss outside of the lake, but also highlights greater spatial variation than our model can resolve.
We observe seismicity modulation within the inferred load region, while the region outside the
(un)loading reveals no significant modulation. Drier periods exhibit higher quantities of events
than wetter periods and changes in trend of the earthquake rate are correlated with regional mass
trends.

Plain Language Summary

During the 2012 — 2016 drought, GPS stations near Great Salt Lake (GSL), UT, showed a
distinct shift in position. The GSL lost nearly two meters of water. As water mass is lost from a
lake, the crust uplifts and extends from the center of the source; however, the amount of water
loss observed on the GSL is not enough to explain the displacements observed by nearby GPS
stations. To address this, water loss in the form of additional rings of groundwater surrounding
the GSL are estimated and we find the model that best fits the GPS displacements. We find that
water loss up to 64 km from the edge of the lake contributes to the observed signal, at a volume
substantially larger than lost on the lake itself. Our results show that GPS data can be used to
infer localized water loss and discriminate between loss of surface water versus ground water.
Furthermore, we see evidence that changes in mass in the region result in changes in the quantity
and rate of seismicity; significantly more events occur in the crust underneath the area with water
fluctuations when there is a reduced water load.
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1 Introduction

Decline in fresh water availability is one of many societal challenges resulting from the
compounding effects of climate change and population growth (J. S. Famiglietti, 2014; Gleeson
et al., 2012; Vorosmarty et al., 2000). Most groundwater loss can be attributed to the increase of
pumping for irrigation and other anthropogenic use, particularly during times of drought (Castle
et al., 2014; J. S. Famiglietti et al., 2011; Ojha et al., 2019; Matthew Rodell et al., 2009; Russo &
Lall, 2017; Scanlon et al., 2012; Tiwari et al., 2009), with depletion rates often highest in land-
locked basins within (semi-)arid regions (Wang, 2018). Commensurate with the groundwater
loss, significant global surface water loss has also been recorded (Pekel et al., 2016), which is
likewise most dramatic for (saline) lakes in (semi-)arid areas (Wurtsbaugh et al., 2017). Regional
water loss due to the recent drought in the Western United States has provided insight into the
balance between surface (i.e., lakes and reservoirs) and groundwater loss. The ratio of ground to
surface water loss has been reported to be 1.89 for the Upper Colorado River basin (Castle et al.,
2014), and 4.79 for California’s San Joaquin Valley (Ojha et al., 2019).

The Gravity Recovery and Climate Experiment (GRACE) satellite mission has brought
invaluable insight into changes in terrestrial water storage (TWS) (e.g., James S. Famiglietti &
Rodell, 2013; Rodell et al., 2018). GRACE’s wide spatial resolution of ~300 km (Wahr et al.,
2013), limits the observations of TWS changes to large regional scales. Even significant
deviations localized on relatively small basins, such as Great Salt Lake (GSL), Utah, are virtually
undetectable (Rodell & Famiglietti, 1999). Many studies have found Global Positioning System
(GPS) data sensitive to mass variation associated with extreme drought conditions (Amos et al.,
2014; Argus et al., 2017; Borsa et al., 2014). Changes in load result in an elastic response of the
crust which is reflected in both the vertical and horizontal components. While many studies rely
primarily on vertical GPS observations to identify and quantify TWS variation, some studies
have shown that horizontal motion is a useful indicator of mass localization when regional trends
are well accounted for (Fu et al., 2013; Kreemer & Zaliapin, 2018; Wahr et al., 2013).

This study investigates a three-dimensional (3D) transient deformation signal observed at
GPS sites near GSL between 2012 and 2016. Onset of this signal correlates well with the
beginning of severe drought conditions in the region. During this period, GSL surface elevation
decreased by 1.89 + 0.04 m. Concurrently, GRACE only observes 1.18 = 0.08 m of equivalent
water loss, if the full 300 km resolution is consolidated on the lake, corroborating the findings of
Rodell & Famiglietti (1999). While GRACE is unable to quantify the load on the lake for this
timeframe, a previous study showed that GPS sites near GSL exhibited load-induced
deformation correlated with lake level variation between 1997 and 2003 (Elosegui et al., 2003).
Only two long-running GPS sites were available at the time of that study, but results identified
the signal in all three components and suggested the need for more complex load geometries.
Currently, long-running GPS sites are well distributed around the lake and provide an
opportunity to further investigate the sensitivity of 3D GPS near GSL to small spatial scale mass
variation (Figure 1). During the recent drought, GPS timeseries reflect horizontal extension and
vertical uplift at pairs of stations located in opposite sides of GSL, indicating the presence of an
unloading signal (Figure 2). We find that the observed unloading of the lake (consistent with
observed lake level drop) underestimates the observed GPS displacements, and that a load on
GSL of -5.01 + 0.26 meters is required to explain the signal (Figures S1 and S2). This is
substantially larger than the -1.89 + 0.04 meters observed on the surface of the lake and
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unrealistic. Considering the observed ratios of groundwater to surface water shown in previous
studies, as well as observed well water level changes during this drought, it is likely that
additional groundwater unloading has contributed to the GPS transients. To address this, we
estimate displacements due to GSL unloading combined with distributions of groundwater loss
and identify the spatial distribution of mass loss in this region that best explains the 3D GPS
signal.

2 Observations

Great Salt Lake sits in close proximity to the Wasatch fault to the east (Figure 1). For this
study, we only include data within the GSL basin and west of the Wasatch fault. GPS
displacements and seismicity on opposing sides of the fault are expected to behave
independently and reflect unique dynamics respectively.

2.1 Water Level Variation

Historically, GSL has experienced large fluctuations in lake surface elevation, and the
lake level has been in decline since the 1850°s (Elosegui et al., 2003; Wurtsbaugh et al., 2017).
To investigate the modern trends, we inspect two long running lake elevation gauges (USGS
Water Resources, 2020). Deviations in lake elevation compare well with the Palmer Drought
Severity Index (PDSI), which provides an index for the intensity of dryness in a region
(Abatzoglou et al., 2017) (Figure 2a). In Figure 2, PDSI for the study area is reflected as the
background shading and highlights the temporal correlation of dry and wet periods with lake
level deviations. The period of 2004 — 2012 (henceforth referred to as our base period), reveals
variable drought conditions and minor net change in lake elevation. Between 2012 and 2016 (i.e.,
the drought period), the PDSI indicates consistent drought conditions and GSL exhibits steady
lake level decline, totaling 1.89 + 0.04 m of surface elevation lost.

The increase in lake level observed at the end of 2016 reveals the combined effects of
increased precipitation and anthropogenic modifications. GSL is split by a railroad causeway
which separates the lake into northern and southern portions and was retrofitted to improve flow
in December of 2016 (Hassibe & Keck, 1991). This has historically caused a difference in water
level across the causeway. For the period of 2004 — 2015, the lake elevation in the northern
portion showed a consistent ~20-cm lower level than that of the southern half. Between 2015 and
2016, the halves of the lake diverge slightly with the southern portion retaining more water than
the northern half. This deviation is not readily distinguishable in the GPS data and is unlikely to
influence loading results due to the magnitude and localization of the deviation. For the purpose
of this study, we refer to the average of the two stations.

Groundwater well observations reveal a similar pattern of water level decline, with the
majority of wells reflecting a distinct trend of water loss during the drought. Well data are
obtained from the National Groundwater Monitoring Network, with sites distributed around the
majority of GSL (Figure 1) NGWMN, 2020). Since many wells have poor temporal resolution
or inconsistent sampling, three interpretations of the groundwater variation during the drought
are provided (Table S1). First, we calculate the Theil-Sen slope and apply it to the duration of
the drought (Sen, 1968; Theil, 1950). All wells exhibit water loss during this period and cover a
range of water variation between -0.28 and -9.34 meters, and for 22 out 39 available wells, the
decline is significant at the 2-standard deviation level, where the standard deviation is calculated
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as 1.4826 times the median absolute deviation (Huber, 1981). Similar results are observed when
applying the MIDAS algorithm to determine the trends while accounting for seasonality (Blewitt
et al., 2016). The MIDAS method provides robust estimates, however, only nine stations had
enough data points required for this method. Many wells provide data near the start and end
times of the drought and investigation of the net difference reveals similar observed ranges to
MIDAS. These observations highlight substantial mass variation exterior to the bounds of GSL
and exhibit the largest water level deviations at wells closest to the lake.

2.2 GRACE and NLDAS

GRACE data are able to identify spatio-temporal variation of TWS (e.g., Castle et al.,
2014; Ojha et al., 2019; Tiwari et al., 2009). Although our study area is below the spatial
resolution of GRACE, we inspect the temporal variability of the GRACE signal. Here we use the
Release 06 version of GRACE data and select the mascons which span 300 km, centered on GSL
(Landerer & Swenson, 2012). Following Sakumura et al. (2014), an ensemble mean solution for
the JPL, GFZ, and CSR solutions is calculated for each GRACE mascon. Minimal variation is
observed at unique grid points, so we present the average of the timeseries in this study. Figure
2b shows the GRACE data detrended relative to the base period. The data show a 4-year net loss
of water mass of 41.1 mm, which is equivalent to only 3.48 + 0.21 km? of water loss. This
volume is comparable to only -1.18 & 0.08 m if the load was entirely constrained to the bounds
of the lake. Although the timing of the deviation matches well with the onset of the drought, the
volume is significantly smaller than the 5.58 & 0.11 km? implied from the observed lake level
decline itself. This indicates that for the small spatial scale of this study, GRACE identifies the
regional onset of water loss but does not accurately estimate the magnitude of the loss,
supporting the findings of Rodell & Famiglietti (1999).

The North American Land Data Assimilation System Phase 2 (NLDAS-2), provides
unique land surface parameters which distinguish surface process variation over time (Xia et al.,
2012). Here we use the NLDAS-2 monthly Noah model to observe variation in soil moisture
content within the top two meters of soil near GSL (Mocko, 2012). These timeseries show no
clear distinction between the base and drought periods (Figure 2c¢), and indicate that the source of
the deviation observed in both the GRACE data and GPS displacements, is not confined to the
uppermost soil layers.

2.3 GPS Displacement Fields

The ability of GPS to resolve load variations is highly dependent on the removal of
extraneous signals, particularly within the horizontal components (Wahr et al., 2013). To better
distinguish the signal attributed to the drought period, contributions of local and regional signals
must be taken into account. We address this issue by first identifying well-behaved, long-
running, GPS sites in the region. We analyzed GPS station coordinate time-series data that are
publicly available at the Nevada Geodetic Laboratory in the IGS14 reference frame (Blewitt et
al., 2018). Stations are limited to those which recorded data for the entirety of the drought period
as well as four years of data spanning the base period. Three stations, SLCU, ZLC1, and P057,
meet the time requirements but exhibit unmodeled transients associated with local aquifer
deformation (Hu & Biirgmann, 2020), and/or questionable monumentation. Consequentially, we
consider 17 stations in our study area (Figure 1), including stations CEDA and COON, which
were investigated by Eldsegui et al. (2003). The considered stations provide good spatial
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coverage around the lake, except to the west of GSL where there are currently no stations
installed.

Regional common mode variation in the GPS positions can alter the inferred
displacement field and is a source of error for our study (Kreemer & Blewitt, 2021; Li et al.,
2020; Marquez-Azua & DeMets, 2003; Serpelloni et al., 2013). We are interested uniquely in
how the GSL area affects the GPS positions and not how the positions may be affected by more
large-scale signals. We therefore use nineteen long-running regional stations outside our study
area with limited data gaps (see inset of Figure 1), to calculate the regional common mode
component (CMC). Station timeseries are detrended, and the CMC is defined as the median
position at each epoch and removed from our study timeseries. A comparison of GPS
observations is shown in Figure 2d. These timeseries are detrended relative to the base period,
with the common mode, annual, and semi-annual components removed. A consistent change in
trend is present for the duration of the drought period in all three components. Each pair of
stations are positioned on opposite sides of the lake, as identified in Figure 1, revealing east-west
and north-south extension with vertical uplift.

To distinguish the unique displacements attributed to the drought period, long term
trends, due to both tectonic and non-tectonic sources, must be removed from each timeseries.
Individual velocities of the cleaned timeseries, for both the base and drought periods, are
calculated using MIDAS. This algorithm is robust to outliers, steps, and annual signals in the
timeseries. The drought relative to base-period velocities are then multiplied by the duration of
the drought period. Signals which are consistent across both periods (such as the long-term
tectonic loading) are removed by this approach, identifying the net displacements attributed to
the drought period.

The resulting GPS drought-specific displacement field shows motion consistent with an
unloading signal centered on/near GSL (Figure 3). Horizontal displacements exhibit extension
across the lake. All stations exhibit vertical uplift, with the largest displacements at stations
located closest to the lake. We note that stations to the south of the GSL exhibit more scatter than
their counterparts to the north.

3 Groundwater Loading Model

3.1 Elastic Loading Model

To establish the relationship between observed GPS displacements and the signal
attributed to load variations, we apply an elastic loading model. Homogeneous half-space models
are often used for this goal (Amos et al., 2014; D’Urso & Marmo, 2013); however, Argus et al.
(2017) showed that these models overestimate the displacements in the vertical component by a
factor of ~2.5. This also affects the horizontal distribution of the uplift signal. Accurately
calculating the vertical displacement field is key to the inversion as it can lead to underestimation
of the net loading and poor interpretation of the distribution of mass. For this goal, we use the
LoadDef software (Martens et al., 2019). LoadDef calculates displacements on a self-gravitating
stratified sphere for a given Earth model and allows for complex geometries of the load
distributions. This study uses the Preliminary Reference Earth Model (PREM) (Dziewonski &
Anderson, 1981). While more detailed Earth models exist [e.g., CRUST 1.0 and CSEM (Fichtner
et al., 2018; Laske et al., 2013)], the resulting GPS displacements differ by only fractions of a
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millimeter between the different Earth models, and estimated loads differ by only a few
centimeters. We therefore retain PREM as our Earth model.

3.2 Groundwater Model Setup

Because the effect of the drought does not end at the edge of the lake, our goal is to
determine whether additional water loss around GSL contributes to the observed GPS
displacements during the drought period. For this purpose, we consider additional rings of loads
surrounding the lake. Two constraints are applied to the distribution of loads within individual
rings. First, contributions of load variation within bedrock units are assumed to be negligible, so
loads are constrained to alluvial units, as identified by the Utah Geologic Unit Map (Hintze et al.,
2000). Second, since the basement footwall side of the Wasatch fault to the east sits adjacent to
sedimentary layers on the GSL side to the west, it therefore acts as a natural barrier to
groundwater. Thus, we prevent loads from crossing the fault to the east. Up to three parallel load
rings are tested, each with varying widths between 10 and 45 km. For each unique distribution,
Green’s functions are calculated with LoadDef for use in the inversion. The randomization of the
ring distributions results in 1,889 unique load models tested in this study.

Since we do not expect loads in adjacent rings to differ wildly and because some load
rings may contain too many or too few GPS observations, we include a Tikhonov regularization
term in our inversion (e.g., Aster et al., 2013). The regularized least squares equation is shown in
Equation 1 and our individual load solutions are shown in Equation 2.

min ||Gm — d||? + «| Lm/||? (1

me = (GTWG + aLTL)"1GTWd (2)

Here G is our matrix of Green’s functions, m contains the loads we are inferring (as
equivalent water thickness), d contains our observed GPS displacements, W is the weighting
matrix built from the GPS observation uncertainties, L is the roughening matrix for the
regularization, and « is the regularization parameter. To find the optimal balance between the
regularization and the fit to the data, a range of a values are tested. We choose the best solution
from the L-curve for each load distribution, which identifies the regularization parameter which
minimizes the solution and residual norms.

3.3 Preferred Groundwater Model

Our primary goal is to minimize the misfit to the displacements, but this does not
guarantee the most realistic model, so a few considerations are taken into account to identify the
preferred model. First, we omit solutions which exhibit ring loads greater than the inferred load
on the lake. The individual loads represent an average load, applied evenly across the surface of
each region. Although the average decline in water levels in the wells is higher than the load on
the lake, the GSL is likely to exhibit the highest average rate of load variation due to direct
evaporation from the surface of GSL itself. Groundwater observations reveal spatial variability
in the distribution of loads, indicating non-uniform load variation exterior to the lake. The
average load across the surface of each ring is likely to be lower than localized well observations



266
267
268
269
270

271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287

288

289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304

305
306
307
308
309

Manuscript submitted to Journal of Geophysical Research: Solid Earth

as well as lower than the uniform load change on the lake. Similarly, due to the intensity of the
drought and well observations, we do not expect rings to exhibit average net positive loads. Non-
positivity is not enforced in the inversion, but solutions with positive loads are simply removed
from these results. Of the remaining solutions, we identify those that best minimize the data
misfit and also have a GSL load comparable to that observed during the drought.

We find that our preferred model estimates a load of -1.85 = 0.33 m on the GSL and
provides a good fit to both the horizontal and vertical GPS displacements observed, with a 3D
RMS misfit of 1.73 mm (Figure 4). This model exhibits two radial load rings. An inner ring of
24 km width with a load of -1.16 + 0.20 m, and an outer ring of 40 km width with a load of -0.32
+ 0.14 m. The load inferred on the lake itself is very close to the observed -1.89 + 0.04 m.
Inclusion of the groundwater loads provide a more disperse vertical uplift signal and
significantly improves the fit to the vertical displacements. This results in a net improvement in
the 3D GPS misfit of 30.5%, compared to the model that fixed the observed lake level decline
solely to the bounds of the lake. The regularization parameter for our preferred model is 1.75,
with the solution sitting well on the corner of the trade-off curve. A comparison of the preferred
ring model to the observed and inferred lake only models is shown in Table 1. While the volume
inferred on the lake is comparable to that observed (i.e., 5.5 £ 1.0 km? versus the observed 5.58 +
0.11 km?), the combined volume attributed to groundwater loss surrounding the GSL is twice the
lake loss at 10.9 + 2.8 km?, spread over an area nearly six times larger than GSL, resulting in a
total model volume of -16.5 + 3.8 km?. This is nearly five times the volume observed within the
spatial resolution of GRACE. The volume we find is consistent across the full set of ring model
solutions with a median volume of -15.92 £ 0.71 km?, at 95% confidence.

4 Regional Seismicity Modulation

We next assess whether the drought-modulated load variations on the Earth’s surface is
reflected in spatio-temporal variations in seismicity in our study area. We use the Utah
Authoritative Region earthquake catalog for 1981 — 2020. Prior to our analysis, the catalog was
declustered following Zaliapin & Ben-Zion (2020). Events are limited to only mainshocks that
occur to the west of the Wasatch fault. While studies have identified strong correlations between
seasonal water level variation and seismicity (Amos et al., 2014; Craig et al., 2017; Kreemer &
Zaliapin, 2018), we find no evidence of annual seismicity modulation, in agreement with the
findings of Hu & Biirgmann (2020), so we inspect the catalog for evidence of temporally
variable, drought-cycle induced seismicity modulation. To allow for an equal assessment of
seismicity during wet and dry periods, we cut the catalog to the period of 1987.1 — 2020, in
which there are equal timeframes where the PDSI indicates either wet or dry periods. The
distribution of earthquakes is shown in Figure 5. Earthquakes are primarily located to the
northeast of the lake near the Hansel Valley, Hansel Mountain, and North Promontory faults, and
to the south of the lake along the Wasatch fault. Events occurring within the bounds of the lake
occur near the ends of the Great Salt Lake fault zone, which runs NW-SE along the eastern edge
of the lake and dips to the west.

The trimmed catalog is separated into two sets. The first are those events which occur
within the load of the preferred model, shown in light blue. The second reflects the events
occurring outside the load region. For an objective comparison of earthquakes occurring inside
and outside of the load, the area of the outside region is constrained to be equivalent to that of the
load region. Due to the sparsity of events to the west of GSL, the outside region is mostly limited
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to the area north of the GSL (i.e., up to 42.5°) and south of the GSL. Finally, we set a
conservative magnitude cutoff of 1.3, inferred from an inspection of the cumulative and non-
cumulative distribution of events within our region. This cutoff magnitude is comparable the
findings of Pankow (2004), who found a cutoff magnitude of 1.2 for the GSL basin for the
period of 2000 — 2003.

Following these criteria, the cumulative number of events in the study area (i.e., the
defined inside and outside areas) between 1987.1 and 2020 is 1,345. We then separate these
events depending on whether they occurred during dry and wet periods and whether they are in
the area inside or outside the load. This reveals that inside the load area, earthquakes occur ~20%
more frequently when the region is experiencing drier conditions, while outside the load area
there only being ~2% more events during drier periods (Table 2). While the number of events in
this catalog is fairly small, we find that the observed ratio of events during dry over wet periods
for the load region is well above the 95%, 1-sided confidence level, following 100,000 temporal
randomizations of the catalog. The same ratio outside of the load is not statistically significant.
The prevalence of earthquakes during dry time periods identifies modulation of seismicity likely
associated with fault unloading due to the reduced mass on the Earth’s surface within the load
region during dry periods.

To further investigate the temporal aspect of the seismicity near the GSL, we compare the
relationship between the surface elevation rate of the lake and the seismicity rate, shown in
Figure 6. Each dataset is smoothed with a 3-year moving window to identify long term trends.
Regional PDSI is shown in the background, indicating periods of relative dryness and wetness in
the study area. Periods which exhibit drier conditions see an increase in seismicity rate as the
lake level recedes, and the inverse occurs as the lake fills. Notably, the earthquake rate exhibits
periods of distinct trends which are consistent and unique for each individual period. The
relationship between the timing of these rate changes is illuminated when compared to the rate of
GSL surface elevation change. We see a temporal relationship between changes in the trend of
seismicity rate and the inflection of the GSL surface elevation rate. As the surface elevation rate
changes sign, a change in the trend of the rate of earthquakes is closely observed. Increasing
seismicity trend changes are tied to periods when the lake exhibits negative rates and decreasing
seismicity trends relate to periods when the lake is filling. These results further indicate a close
relationship between the trends of mass fluctuation within the GSL basin and seismicity.

5 Discussion

We find that the observed drought-induced GPS displacements can best be described by
the presence of additional groundwater mass loss surrounding the GSL. When we invert only for
the load on GSL itself, we find an unrealistic load on the GSL that is 2.65 times higher than what
is observed from the lake level decline. In our preferred model, which includes mass loss outside
the GSL, we resolve the observed unloading of GSL between 2012 and 2016. It is possible to
produce a model which estimates the load on the lake from the vertical component only, but the
3D inversion produces more consistent estimates. The median GSL load estimate is -1.87 = 0.15
m compared to -1.75 + 0.22 m for the vertical only models. Furthermore, the vertical-only
inversion produces higher ring estimates. The balance between reduced GSL load estimates and
increased ring load estimates, indicates a bias due to the distribution of GPS sites, which is
addressed by the inclusion of the horizontal components. We see that the full 3D inversion better
localizes the mass to the lake and produces more consistent results.
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The estimated volume of water loss is substantial, at 16.4 + 3.8 km?, with a ratio of
groundwater to surface water volume of 2:1. Differences between the GRACE estimated volume
of 3.48 £ 0.21 km? and the observed lake volume loss of 5.58 + 0.11 km? can be explained by the
spatial resolution of GRACE; however, this leaves significant water level variation observed at
nearby wells unaccounted for. Wells within the two inferred load rings reveal a relationship
between the ratio of the inferred loads and the observed mean water level change. Table 3 shows
the average water level change and range (using three interpretations of the well data during the
drought period, see section 2.1) for wells located in each ring. The Theil-Sen approach allows for
more well solutions than MIDAS and the results are plotted on Figure 4. All three methods find
an average water level change within Ring 1 near -3 m and less water loss in Ring 2.
Additionally, the ratio of water loss between the two rings is comparable to the ratio inferred by
our model (with 3 — 4 times higher change in water level within the inner ring compared to the
outer ring) when the well change is estimated by MIDAS or net difference approaches. While the
well observations show that some localized areas exhibit large changes in groundwater levels,
they also show a wide range of observed water displacement. Considering that wells are
primarily located where water levels are most observable or intriguing, it is likely that water
levels in wells reflect above average loss of water compared to the entire surface area of the
inferred rings. Furthermore, our inferred rings reflect area averaged loads, which provides insight
into the net magnitude of water loss required to explain the GPS displacements, but
underestimates the complexity of the real mass distribution. We note that GPS uplift is
significantly less to the west of the GSL than east of the GSL (Figure 3), which may reflect
greater water loss closer to the Wasatch fault and our inferred load rings provide a more
regionally averaged estimate. To better infer the complexity of the real load distribution in future
studies, a significantly higher density of long running GPS stations is required than are currently
installed such that more complex load distributions can be considered.

Vertical displacements associated with loading signals are largest near the center of the
load, while horizontal displacements reach their maximum at the edges of the load (e.g., Becker
& Bevis, 2004). Consequently, extension or contraction is expected within the load bounds,
depending on the sign of the signal, with the largest change in vertical stresses directly under the
load. In the presence of listric normal faults [e.g., the Wasatch fault zone as suggested by Pang et
al. (2020) and Savage et al. (1992)], the role of vertical stresses on faults is increased at depth
when the fault dip becomes shallower (i.e., less than 45°). Since the majority of events within the
catalog do not occur near the surface, we expect higher quantities of events during drier periods,
due to the reduction of vertical stresses on the faults cutting underneath the load at depth. This
matches well with our findings (Table 2), and we find the strongest distinction between the
inside and outside regions with this load distribution. If the actual load were constrained closer to
the bounds of the lake, or to a much wider region around GSL, such a distinction between dry
and wet events would not be clear at this specific radial distance. The observed seismicity
modulation may therefore corroborate the spatial extent of the load implied by our model. While
a cutoff magnitude of 1.3 is used in this study, observed seismicity trends are also found when
using magnitudes above 0.8, but they are only significant (at the 95% confidence level) when
considering events with magnitudes above 1.2 (Figure S3). In fact, the higher the cutoff
magnitudes we consider, the higher the difference between dry and wet events within the load
region, while the events outside the load continue to reflect no significant trends.

The temporal relationship between seismicity and mass variation is highlighted in Table 4
with correlations between seismicity rates and PDSI, GRACE, and GSL surface elevation rate. A
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clear distinction exists between inside and outside load events, with those inside exhibiting anti-
correlation and those outside showing no relationship. Further comparison of the earthquake
rates to lake elevation rates highlights the long-term seismicity modulation in the region (Figure
6). Changes in the trend of earthquake rate in the region alter when the rate of GSL surface
elevation changes sign. That is, that as the lake shifts from losing water to gaining water, the
seismicity rate changes from negative to positive. These trends are consistent between inversions
of the lake elevation rate and are unique for each time period, supporting an inverse relationship
between load variation and seismicity.

This study advances the findings of Elosegui et al., 2003, and further distinguishes the
contribution the GSL and surrounding groundwater make to regional water loss during droughts.
As noted in their study, load geometry plays a significant role in best explaining the GPS
observations and the placement of loads determines which signals will be constructive or
deconstructive at each site. Significantly higher complexity of load distribution is applied in this
study than their two disk model; however, the real distribution of groundwater loads is
undoubtedly still more complex. This likely explains some of the residuals exhibited at GPS sites
to the south of the GSL where wells exhibit increased spatial variability of water level change
and localized aquifers have been shown to alter the deformation field (Hu & Bilirgmann, 2020).
Nevertheless, the simple distribution of surface averaged groundwater loss in addition to the
unloading of the GSL, provides significant improvement to the interpretation of GPS data near
the GSL. The results of this study highlight that mass variability on local scales have a
significant impact on GPS timeseries and must be accounted for when, for example, using those
data to infer secular loading rates on nearby faults.

6 Conclusions

The results presented in this study find that GPS data are able to observe and localize
mass loss within the GSL basin and that the regional extent of inferred water loss during the
drought period is supported by both regional seismicity variations and well observations.
Inclusion of two surface averaged groundwater rings in the inversion, covering a radial distance
of 64 km from the lake, significantly improve the fit to the GPS observations. We find the
inferred groundwater loss to be substantial (10.9 + 2.8 km?), at twice the volume observed on the
lake (5.58 £ 0.11 km?3 ), and are able to recover the lake observation with an inferred lake volume
loss of 5.5 & 1.0 km?. The modeled ratio of groundwater to surface water estimates is comparable
to the findings of Castle et al. (2014) and Ojha et al. (2019) where groundwater loss exceeded
surface water loss at a rate 1.89 —4.79 times higher, during the same drought. Additionally, wells
within our inferred load region corroborate the presence of significant water level decline, and
the ratio between average well water levels and inferred loads, between the inner and outer rings,
are comparable.

We find that earthquakes within the load region occur during dry versus wet periods
~20% more frequently and that the earthquake rate is anti-correlated with the PDSI, GRACE,
and lake elevation rate, with coefficients of -0.45, -0.55, and -0.52 respectively. Events outside
the load show no significant relationships. These results reveal a long-term relationship between
the distribution and variation of loads with stresses on faults, resulting in drought-cycle
influenced seismicity modulation within the loaded region.
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Our study benefits greatly from the distribution of long running GPS stations near the
GSL, which directly improved the performance of the inversion and advances the finding of
Elésegui et al., 2003. Future modeling of load variation on and near GSL will be greatly
improved by the quantity of GPS stations which have been installed in the past 10 years,
although there remains no nearby GPS sites to the west of the lake. Additionally, the expansion
of the GPS network will reduce uncertainty in load estimates and allow for more complex load
geometries. Our case study for the GSL, highlights how regional GPS networks are particularly
well suited to identify water loss in similarly sized lakes and reservoirs during drought periods.
Continued expansion of GPS networks will further allow water management authorities to
identify and quantify regional variation in water storage and its redistribution.
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477 Tables
478
Model Region Load (m) Volume (km?) 3D RMS (mm)
Observed GSL GSL -1.89 £0.04 -5.58 £0.11 2.49
Solved GSL GSL -5.01 £0.26 -14.8 £0.8 1.85
GSL -1.85 £0.33 -55+1.0
Preferred Ring oo 1~ 24 km -1.16 £0.20 7513 173
Model g ’ ’ ’ ’ ’
Ring 2 — 40 km -0.32 +£0.14 35+1.5
Total Volume -16.5+3.8
479

480 Table 1: Comparisons between the observed GSL load model (fixed to -1.89 m), the solved GSL
481 load model (inferred at -5.01 m), and the preferred ring model.

482
483
484
485
486
487
488
Earthquake Counts by ~Dry Periods Wet Periods ~ Expected Observed  95% Confid. in
Region Median Ratio expected Ratio
Inside Load 444 369 406 1.20 1.15
Outside Load 269 263 266 1.02 1.19
Combined 713 632 672 1.13 1.12
489

490 Table 2: Regional earthquakes for the timeframe of 1987.1 — 2020. Dry and wet periods are
491 defined by the PDSI value at the time of the events. Expected median and confidence ratio are
492 calculated from 100,000 randomizations of the catalog. The inside load exhibits significantly

493  more events during dry periods than during wet periods.
494
495
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499
500
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Method Location  Number Mean Water Level Median Water Level Water Level

of Wells Change (m) Change (m) Range (m)
Ring 1 9 -3.25 -2.98 -6.21 -0.28

Theil-Sen
Ring 2 13 -2.39 -1.77 -9.34 -0.45
Ring 1 4 -3.04 -3.78 -4.37 -0.25
MIDAS

Ring 2 5 -0.77 -0.11 -3.16 0.32
Net Difference Ring 1 9 -2.98 -2.47 -7.34 -0.24
2012 - 2016 Ring 2 13 -1.00 -1.00 387 0.6l

Table 3: Comparison of observed groundwater level changes with respect to location within the
inferred load rings. Three methods are tested to quantify the observed water deviation during the
drought: the Theil-Sen slope estimate, the MIDAS algorithm, and a net difference between the
start and end of the drought. For the Theil-Sen and MIDAS solutions, only wells with water level
differences greater than two sigma are presented. The net difference solutions take the difference
in the average position of 2012 + 0.1 and 2016 £ 0.1. Each method finds a higher average water
loss within the bounds of Ring 1 compared to Ring 2. The ring ratios for both MIDAS and net
difference approaches is comparable to the ratio of the ring loads inferred in our model.

Correlation Coefficient

Earthquake Rate by PDSI GRACE Lake Elevation Rate
Region
Inside Load -0.45 -0.55 -0.52
Outside Load -0.01 -0.18 -0.19
Combined -0.34 -0.51 -0.45

Table 4: Correlation coefficients between PDSI, GRACE, and lake elevation rate with the rate
of earthquakes in each region. The distribution of the inside load and outside load regions are
shown in Figure 5, and the total represents the combination of these regions.
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Figures
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A GPS (This Study)
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Figure 1: Location map of the study area. Green triangles represent GPS stations included in this
study. Red triangles represent GPS stations not included. Turquoise rectangles represent USGS
water surface elevation gauges and grey circles represent USGS groundwater well locations. The
red box in the inset identifies the bounds of the figure with yellow stars showing the location of
stations used to calculate the common mode in the GPS time-series. Labeled stations identify
locations of GPS timeseries shown in Figure 2. Black lines represent significant faults in the
region, including the Wasatch fault. No data east of the Wasatch fault are included in this study.
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Figure 2: Comparison of GPS, GRACE,
PDSI, and GSL surface elevation data.
Background shading indicates the Palmer
Drought Severity Index averaged over the
study area. Green data represent the base
period of 2004 — 2012, red data represent
the drought period of 2012 — 2016, and
black data represents later data not included
in this study. a) Averaged GRACE data
covering a range of 300 km centered on
GSL, detrended relative to the base period.
b) Average of the two GSL water surface
elevation stations. ¢) Average NLDAS soil
moisture content within the study area. d)
GPS timeseries detrended relative to the
base period. Regional common mode and
annual/semi-annual signals have been
removed. Station pairs in each component
are located on opposite sides of the lake.
Black lines represent the trends during the
drought period calculated with MIDAS.
Stations P122 and P100 show East — West
extension, while stations P100 and P115
show North — South extension during the
test period. Stations P122 and P115 both
show vertical uplift. Station locations are
shown in Figure 1.
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Figure 3: Observed GPS displacements for the drought period (2012 — 2016) relative to the base
period (2004 — 2012). Blue arrows represent horizontal displacements with 95% confidence
ellipses. Circles represent vertical displacements. Note that horizontal displacements exhibit
extension centered on/near GSL, while the largest vertical displacements are located at stations
nearest the lake.
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Figure 4: Displacements and distribution of the preferred load model. This model includes the
load on GSL and two rings of groundwater at widths of 24 km (inner ring) and 40 km (outer
ring). a) Comparison of observed and modeled displacements at GPS stations. Blue arrows
represent observed horizontal displacements with 95% confidence ellipses. Red arrows represent
modeled horizontal displacements. Inner circles represent the observed GPS displacements,
while outer circles represent modeled displacements. Faults are represented as thin black lines.
The data misfit for this model is 1.73 mm. b) Inferred load distribution. Polygon shading
represents the load inferred for GSL and two additional rings. GSL load is inferred at -1.85 +
0.33 m, the inner ring at -1.16 £ 0.20 m, and the outer ring at -0.32 + 0.14 m. Circles represent
changes in groundwater levels observed at wells, with the same color scale as the ring loads. ¢)
Modeled displacement field on a grid. Black arrows show horizontal displacements while the
background shading shows vertical displacements. The bounds of GSL are shown as the thick
black line.
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Figure 5: Distribution of regional
earthquakes for 1987.1 — 2020. Light blue ;-
polygon shows the preferred model load
distribution. Light yellow polygon defines
the region used to identify earthquakes
outside of the load region. The area of this
region is equivalent to the area of the
modeled load and the northern section ends
at 42.5° N. All regional earthquakes are
shown as grey circles, those inside of the
load and greater than My, 1.3 are shown as

41"

green circles, and those chosen outside of

the load and greater than My, 1.3 are shown **

as brown circles.
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Figure 6: Comparison of earthquake rates for the inside (green) and outside (brown) load regions
with the rate of lake elevation change over time (white). Each dataset has been smoothed with a
3-year moving window. Background shading shows PDSI values, scale as shown in Figure 2.
Black dashed line represents the neutral line of the GSL elevation rate. Vertical black lines
indicate breakpoints for periods of unique trends in the earthquake rate in the inside load area.
Note that the timing of the GSL elevation rate inflection often closely matches the timing of
changes in the trends of the earthquake rate for the inside load region. Those periods which do
not match the inflection better match switches in the PDSI. The outside load region shows
minimal variation with the exception of the 1999 — 2004 period.
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Figure S1.

Modeled displacements for a load equivalent to the observed lake level change between
2012 and 2016 (-1.89 m). Displacements are calculated with LoadDef. Applied load is
constrained to the bounds of GSL. a) Comparison of observed and modeled
displacements at GPS stations. Blue arrows represent observed horizontal displacements
with 95% confidence ellipses. Red arrows represent modeled horizontal displacements.
Inner circles represent the observed GPS displacements while outer circles represent
modeled displacements. Faults are represented as thin black lines. The 3D data misfit for
this model is 2.49 mm. b) Modeled displacement field on a grid. Black arrows show
horizontal displacements, while the background shading shows vertical displacements.
The bounds of the region where the load is applied is shown by the thick black line. Note
the poor fit to the vertical component.
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Modeled displacements for the inferred load on GSL. The distribution of load is

constrained to the bounds of GSL and applied equally. Key as described in Figure S1.

The inferred load is 5.01 &+ 0.26 m with a data misfit of 1.85 mm. Note that the fit

improves but the load is significantly higher than the observed GSL water loss and
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Confidence level plot comparing dry and wet period events, for the inside and outside

load regions, across a range of cutoff magnitudes of the earthquake catalog. Reds indicate
events which occur during dry periods as identified by the PDSI. Blues indicate events
which occur during wet periods. Solid colored lines reflect events within the inside load

region. Dashed colored lines reflect events within the outside load region. Black lines
show two sigma confidence bounds for the inside region (solid) and outside region
(dashed) following 100,000 randomizations of the catalog at each magnitude. Grey
vertical bar reflects the chosen cutoff magnitude of 1.3. Note that for the inside load

region, the number of dry events is above the significance level for all magnitudes above

1.2.



Drought Displacement Calculation Method

Theil-Sen MIDAS Net Diff.
Water Water Water
Well ID Location Longitude Latitude Level o(m) Level o(m) Level
Disp. (m) Disp. (m) Disp. (m)
403339112152501 Ring 1 -112.2588 40.5619 -3.79 0452 -4.37 1.06 -3.27
403355112173601 Ring 1 -112.2947 40.5647 -2.14  0.112 ~ ~ ~
403400112144001 Ring 1 -112.2461 40.5647 -4.95 0.613 -4.25 0.323 -7.34
403555112230303 Ring1 -112.3850 40.5986 -0.84  0.102 ~ ~ ~
403949112043301 Ring 1l -112.0766 40.6636  0.28 0.294 ~ ~ -0.61
405412111525701 Ring1 -111.8833 40.9019 -6.21  0.707 ~ ~ -6.40
410523112053301 Ring1 -112.0933 41.0897 -2.91  0.404 ~ ~ -2.47
410852111580501 Ring1 -111.9688 41.1477 -5.16  0.699 ~ ~ -3.46
411035111594501 Ring1 -111.9966 41.1763 -0.22  1.147 ~ ~ -0.77
411348112013601 Ring1 -112.0274 41.2299 -2.98 0.931 -3.30 0.130 -2.24
414411112543701 Ring 1 -1129111 41.7363 -0.29 0.094 -0.26 0.002 -0.24
401818112014501 Ring2 -112.0299 40.3049  0.01 0.065 0.02 0.004 0.02
401818112034201 Ring2 -112.0624 40.3049 -0.51 0.174 ~ ~ ~
402317111554401 Ring2 -111.9292 40.3881 -1.54  0.135 ~ ~ ~
402333111513401 Ring2 -111.8579 40.3930 -3.27 1.546 -3.16 0.075 -3.87
403126112444501 Ring2 -112.7480 40.5236 -2.14  0.233 ~ ~ ~
403511111541501 Ring2 -111.9049 40.5863 -045 0.127 ~ ~ 0.14
403916111575901 Ring2 -111.9672 40.6544  0.08 0.162  0.32 0.021 0.13
404152111525101 Ring2 -111.8816 40.6977 -2.18  0.220 ~ ~ -1.25
404531111510101 Ring2 -111.8510 40.7586  -2.01  0.248 ~ ~ -1.59
405735112593001 Ring2 -112.9925 40.9597 -0.06  0.046 ~ ~ ~
411928111581001 Ring2 -111.9702 41.3244 -0.80  0.548 ~ ~ 0.61
414236112101201 Ring2 -112.1708 41.7099 -0.90  0.202 -0.93 0.018 -0.85
414406112163601 Ring2 -112.2775 41.7349 -1.77  0.060 ~ ~ -1.55
414406112173601 Ring2 -112.2941 41.7349 -1.16  0.159 ~ ~ -1.29
414418112154801 Ring2 -112.2641 41.7383  -1.27  0.269 ~ ~ -1.00
414813113075401 Ring2 -113.1325 41.8035 -4.55 1.072 ~ ~ ~
415703112514501 Ring2 -112.8633 41.9508 -0.39 2343 -0.11 0.022 -0.17
415754112551301  Ring2 -112.9211 41.9649 -9.34 4.196 ~ ~ -2.36
Table S1.

Observed groundwater level change for wells within the inferred load rings by three

methods. Water level trends are calculated with Theil-Sen slope estimation method and

the MIDAS algorithm and applied to the duration of the drought. The net difference

results indicate the difference in the average well water level positions at the start (2012 +
0.1 yr) and end (2016 £ 0.1 yr) of the drought. Bold Theil-Sen data reflect accepted wells
which exhibit water level changes greater than two sigma. All MIDAS values are greater

than two sigma.



Station Longitude Latitude

AHID -111.0637 42.2731
BBID -111.5261 43.6850
BLW2 -109.5578 42.2671
CASP -106.3841 42.3192
CAST -110.6773 38.6910
ELKO -115.8172 40.4147
FOOT -113.8054 38.8694
GOSH -114.1797 40.1402
HLID -114.4140 43.0626
MYT5 -110.0482 39.6027
P007 -114.8197 41.2242
PO012 -109.3338 37.5974
P032 -107.2559 41.2417
P684 -111.4505 43.4191
RUBY -115.1228 40.1172
SMEL -112.8449 38.9256
SPIC -112.1275 38.8062
TCSG -113.4782 43.1192
TSWY -110.5975 43.1741

Table S2.
GPS stations included in the regional common mode calculation.



Drought Disp. (mm) Uncertainty (mm)
Station Longitude Latitude E N U o0z On Ou
CEDA -112.8605 40.6807 0.86 -1.79 0.47 0.21 0.17 0.64
COON -112.1210 40.6526 -1.42 -2.50 10.34 0.31 031 1.25
EOUT -111.9289 41.2532 238 142 6.78 036 0.38 1.28
LTUT -112.2468 41.5921 1.01 0.66 5.17 0.18 0.17 0.78
NAIU -112.2296 41.0157 198 -2.04 9.67 0.27 0.26 1.18
PO16 -112.3614 40.0781 0.31 -0.63 0.30 0.17 0.19 0.67
P057 -112.6231 41.7566 1.15 0.03 4.88 0.16 0.19 0.68
P084 -113.0540 40.4940 -0.35 -0.34 190 0.13 0.15 0.61
P086 -112.2821 40.6488 1.17 -0.85 4.30 0.17 0.18 0.79
P100 -113.2942 41.8568 -0.70 1.31 0.47 0.22 0.29 0.96
P111 -113.0122 41.8173 -0.06 0.37 2.69 0.16 0.16 0.73
P113 -113.2780 40.6713 -0.23 -0.31 1.80 0.13 0.14 0.57
P114 -112.5276 40.6340 -0.43 -1.37 4.00 0.22 0.19 0.78
PI115 -112.4280 40.4744 0.55 -1.74 3.59 0.21 0.27 0.89
P116 -112.0142 40.4340 0.04 -0.31 4.84 0.19 0.21 0.73
P117 -111.7514 40.4352 1.74 0.77 10.12 0.31 0.27 1.09
P121 -112.6983 41.8034 0.05 0.38 536 0.15 0.16 0.60
P122 -112.3319 41.6354 0.40 0.40 3.99 0.19 0.18 0.79
SLCU -111.9550 40.7722 477 093 3.84 0.49 033 147
ZLCl1 -111.9522 40.7860 8.33 -0.78 11.79 0.38 0.25 1.02

Table S3.

Observed GPS relative displacements during the drought period. Values are calculated
from the difference of the MIDAS velocities for the drought and base periods then
applied to the duration of the drought (four years).



Modeled Displacements at GPS Stations

Preferred Ring | Observed GSL | Solve For GSL
Only (-1.89m) | Only (-5.01m)

Station Longitude Latitude | E N U E N U E N U

CEDA -112.8605 40.6807 |-0.69 -0.87 4.66 |-0.27 -0.39 1.33 -0.70 -1.03 3.52
COON -112.1210 40.6526 | 0.55 -0.99 6.24 | 0.36 -0.52 1.68 |0.95 -1.39 4.44
EOUT -111.9289 41.2532 | 1.36 0.48 4.840.50 0.18 1.51 131 0.48 4.01
LTUT -112.2468 41.5921 | 0.68 0.87 4.73|0.27 0.40 1.40|0.70 1.07 3.71
NAIU -112.2296 41.0157 | 0.89 -0.27 8.82 / 0.88 -0.22 5.01 | 2.34 -0.59 13.29
POl6 -112.3614 40.0781 | 0.07 -0.90 2.32/0.02 -0.27 0.63  0.06 -0.72 1.67
P084 -113.0540 40.4940 |-0.62 -0.83 3.00 |-0.20 -0.30 0.89 |-0.54 -0.79 2.36
P086 -112.2821 40.6488 | 0.54 -1.11 7.25/0.20 -0.79 2.20  0.53 -2.11 5.84
P100 -113.2942 41.8568 |-0.70 0.79 3.36 |-0.22 0.27 0.83 |-0.59 0.71 2.21
P111 -113.0122 41.8173 |-0.64 1.13 5.26 |-0.19 0.39 1.09 |-0.50 1.03 2.88
P113 -113.2780 40.6713 |-0.82 -0.63 2.94 |-0.28 -0.23 0.91 |-0.74 -0.62 2.41
P114 -112.5276 40.6340 |-0.46 -1.08 6.75 -0.15 -0.56 1.67 -0.39 -1.49 4.42
PI115 -112.4280 40.4744 |-0.02 -1.33 5.11 | 0.00 -0.45 1.16|0.00 -1.19 3.09
P116 -112.0142 40.4340 | 0.53 -0.85 3.450.18 -0.34 0.94 0.48 -0.89 2.49
P117 -111.7514 40.4352 | 0.75 -0.62 2.79 | 0.22 -0.25 0.79| 0.57 -0.67 2.09
P121 -112.6983 41.8034 | 0.18 1.17 6.10 -0.01 0.47 1.24 -0.02 1.24 3.29
P122 -112.3319 41.6354 | 0.58 0.94 4.80,0.22 0.43 140 0.58 1.14 3.71

Table S4.

Displacements at GPS sites, calculated with LoadDef, for the preferred ring load model,
the observed fixed GSL load model, and the solved (inferred) GSL load model. The fixed
load model only applies the observed load of -1.89 m to the bounds of the lake while the
solved GSL model applies the inferred load of -5.01 m. The preferred ring model has a
GSL load of -1.85 m, a 24 km inner ring at -1.16 m, and a 40 km outer ring at -0.32 m.
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