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Abstract: Changes in subsurface water resources might alter the surrounding ground by generating
subsidence or uplift, depending on geological and hydrogeological site characteristics. Improved
understanding of the relationships between surface water storage and ground deformation is impor-
tant for design and maintenance of hydraulic facilities and ground stability. Here, we construct one
of the longest series of Interferometric Synthetic Aperture Radar (InSAR) to date, over twenty-five
years, to study the relationships between water level changes and ground surface deformation in
the surroundings of Lake Mead, United States, and at the site of the Hoover Dam. We use the Small
Baseline Subset (SBAS) and Permanent scatterer interferometry (PSI) techniques over 177 SAR data,
encompassing different SAR sensors including ERS1/2, Envisat, ALOS (PALSAR), and Sentinel-1(S1).
We perform a cross-sensor examination of the relationship between water level changes and ground
displacement. We found a negative relationship between water level change and ground deformation
around the reservoir that was consistent across all sensors. The negative relationship was evident
from the long-term changes in water level and deformation occurring from 1995 to 2014, and also
from the intra-annual oscillations of the later period, 2014 to 2019, both around the reservoir and
at the dam. These results suggest an elastic response of the ground surface to changes in water
storage in the reservoir, both at the dam site and around the reservoir. Our study illustrates how
InSAR-derived ground deformations can be consistent in time across sensors, showing the potential
of detecting longer time-series of ground deformation.

Keywords: InSAR; Sentinel-1; ERS; Envisat; ALOS; SBAS; PSI; GPS; lake mead; hoover dam;
water level change; ground deformation

1. Introduction

At larger scales, temporal mass changes in the Earth system due to terrestrial water
storage are known to lead to gravity field variations and deformations at the Earth’s
surface [1]. This is why along with tectonics, Holocene sediment compaction, sediment
loading, and glacial isostatic adjustment, water exploitation is regarded as a primary driver
of ground surface deformation [2]. Fluctuations in water storage due to water management
(i.e., withdrawal, storage or use) can sometimes be large enough to induce ground surface
deformations of several centimeters [3,4], affecting human settlements and infrastructure
stability [5]. Improved understanding of the relationship between water storage and
ground deformation is therefore important for the design and maintenance of hydraulic
facilities. For instance, groundwater variations can cause land subsidence in urban areas
due to groundwater withdrawal, leading to urban infrastructures damages [6-8]. Ground
deformation resulting from variations in the volume of surface water resources, such as
impounded reservoirs, can also trigger landslides and sudden mass movements; if these
feed into lakes. Associated large surges of water can lead to dam instability, threatening
lives and properties along the shores [9-12].
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Ground deformation can be divided into elastic and inelastic [13]. Elastic deformation
occurs with increasing water mass on the Earth’s surface, when the extra weight of the
water depresses the ground surface, which deforms elastically, with subsidence in response
to the load [4]. During the dry season, when output flows of evaporation and runoff
exceed the input flow of precipitation, surface water mass decreases and makes the ground
rebound, producing an elastic uplift [14,15]. While inelastic deformation leads to some
permanent change that is not fully reversed when the force from the water mass load is
removed, poroelastic deformation might occur when water is withdrawn from an aquifer.
Pore spaces already supported by pore water pressure are then compacted and the ground
surface subsides; conversely, when aquifers are recharged, pores are refilled and the ground
surface rises [4,16,17].

Understanding the relationship between water storage variations and ground de-
formation is necessary for the resolution of the prevalence of (pore) elastic, inelastic, or
elastoplastic deformations, and associated water infrastructure management and risk mit-
igation. Different techniques can be used to study this relationship. At global or large
scales, Very Long Baseline Interferometry (VLBI) [18] and Gravity Recovery and Climate
Experiment (GRACE) [19] are commonly used, while at more regional and local scales,
GPS and InSAR are preferred [20].

InSAR is used in a wide range of different applications, from changes in water surface
and connectivity in wetlands [21-23] to detection and quantification of displacements at the
ground surface, or in hydraulic structures, such as dams [24], to landslides monitoring [25].
InSAR-based techniques encounter several technical limitations and challenges, such as
spatiotemporal decorrelation [26] and atmospheric phase delay [27], making it difficult to
accurately quantify surface deformations. Several studies reported relationships between
water level changes and ground deformation derived by InNSAR with different types of SAR
products. Water change-related deformation of the ground was related to anthropogenic
drivers such as water withdrawal (e.g., [28-36]) and to hydroclimatic drivers such as
droughts, floods, and changes in surface or groundwater (e.g., [37—43]).

For instance, INSAR was applied on ERS data to detect short-term deformations
occurring before 2002 around Lake Mead, United States [44], complementing previous
studies by levelling data [45]. The INSAR technique was also used with Envisat data to
identify a possible elastic response of the ground surface, to water level variations around
a lake in South-Eastern Tibet [39]. Relationships between water level changes and ground
deformation were also studied in a reservoir in the Himalayan region with ALOS PALSAR
data [20], and in another reservoir in Kyrgyzstan, Central Asia, using Envisat and S1
data [46].

An accurate, reliable, cost-effective, and fast monitoring system of the structure of
dams is also required to ensure dam stability, by measuring the rigid and non-rigid changes
of its geometric shape [47]. The use of InNSAR in dams monitoring in different parts of the
world such as the Pertusillo dam in Italy with COSMO-SkyMed (CSK) and TerraSAR-X
(TSX) data [48], the Shuibuya dam in China with ALOS-1 PALSAR data [49], and the
Mosul dam in Iraq with CSK and Sentinel-1 data [50], evidence a high potential of this
space geodetic tool to achieve millimeter accuracy of dam structure deformation. To date,
deformation of the dam is not usually associated with deformations around its impounded
reservoir, and we hypothesize that both should be related if deformations depend on
changes of water volume in the reservoir.

In this study, we use InSAR to comparatively study the relationships between wa-
ter storage variations and ground deformation, using ERS, Envisat, ALOS, and S1 data,
for longer- and shorter-term variations of water level and associated ground deformation
observations. We did the analysis simultaneously at the dam site and in the surround-
ings, to compare the existence of converging signals of ground deformation, and chose
the Hoover Dam and its associated impounded reservoir, Lake Mead, for this purpose.
These infrastructures control floods, and supply water for irrigation and electricity to the
states of Arizona, California, and Nevada, United States [51]. We aimed to answer the
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following two main research questions. (1) Is it possible to obtain a consistent long-term
relationship between water level variations (as a proxy of change in water storage) and
observed ground surface deformation surrounding an impounded reservoir? (2) Is the
deformation at the dam site also consistent with the deformations surrounding the reservoir
and water level variations? Choosing Lake Mead enables a comparative long-term assess-
ment of ground surface deformation and water level variations throughout twenty-four
years and with four different radar sensors.

2. Study Area, Geological Setting, and Datasets
2.1. Study Area

Lake Mead is the largest man-made reservoir in the United States, located between
Clark County in Nevada and Mohave County in Arizona (Figure 1a,b). It receives the
waters of the Colorado River hydrological basin (630,000 km?) at an average elevation of
~1000 m.a.s.l. (Figure 1d). Average precipitation of the hydrological basin is 40 mm/year
and annual minimum, maximum, and mean runoff is estimated to be around 6.5, 29.6,
and 18.6 billion cubic meters, respectively, with 70% of Colorado’s runoff originating from
snowmelt [52]. The Colorado River Basin experiences temperatures between —6 °C and
27 °C [53]. The Lake Mead was impounded in 1935 with the construction of the Hoover
Dam (Figure 1c); a concrete gravity-arch type dam constructed with a height of 221.4 m,
length of 379 m, an elevation at crest of 376 m.a.s.l. and a crest width of 14 m.
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Figure 1. Location of Lake Mead (a) in the United States, (b) satellite view of Lake Mead and location of the GPS station
P006 (red triangle), (c) zoomed view of the Hoover Dam (photo source: [54]), (d) Shuttle Radar Topography Mission (SRTM)
Digital Elevation Model (DEM) of the area of interest with 30—m spatial resolution, and (e) extent of the four different SAR
scenes used in this study over the Lake Mead area (i.e., ERS1/2—red, Envisat—green, ALOS-blue, and S1—purple), shown
over a Google Earth image. The standard full extent of the Envisat, ERS, and ALOS data, and the extent of three selected
bursts of S1 (ascending and descending) are displayed in the figure.

2.2. Geological Setting

The geology of the area surrounding Lake Mead was studied by [55]. The Lake Mead
region stretches from the valley of Las Vegas on the west to the Colorado River Plateau
on the east, and from the Black mountain on the South to the Mormon Mountains—Beaver
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Dam mountains to the north [55]. The region is predominantly composed of Proterozoic
crystalline, Paleozoic and Mesozoic plutonic, Mesozoic sedimentary, Cenozoic volcanic and
intrusive rocks, as well as surficial deposits (Figure S1) [55]. Preceding the occurrence of pas-
sive margin sedimentation in the Paleozoic and Mesozoic, major folding, reverse faulting,
and thrust faulting occur in the basin. The range were produced by Late Mesozoic thrusting
and Late Cretaceous and early Tertiary compression, resulting in uplift and monoclinal
folding in the region and in the Colorado Plateau. Extensional deformation in the Cenozoic
occurring along with sedimentation and volcanism resulted in normal faulting and strike-
slip faulting in the Colorado Plateau, producing north-trending high-angle normal faults.
In the most recent times, the integration of the Colorado River system is accompanied
by dissection, creation of alluvial fans, and faulting. The geological units covered by the
lake include the Cenozoic sedimentary rocks and the Cenozoic Volcanic rocks (Figure S1).
The first are mainly unconsolidated to partly consolidated alluvium, consisting of silt,
sand, and gravel in streams, washes, low terraces, alluvial fans, and piedmont slopes [55].
The second mostly comprise brownish or greenish grey, altered, massive to flow-banded
andesite, up to 300-m thick. The lake bed presents a continuous sediment cover along
the original Colorado River bed, between 10 to 35 m deed, and a thinner discontinuous
sediment layer around Las Vegas Bay and the Northern Virgin River channel [56].

The Hoover Dam is located on the southwest of the reservoir, where the bedrock
consists of Precambrian crystalline rocks overlain and intruded by late Cenozoic igneous
rocks (Figure S2) [56], deeply downcutting the Colorado River. Miocene rocks in this
small area are highly faulted and fractured, and most surfaces contain one or more sets
of striae produced during fault movement [57]. The rocks at the dam are lava flows and
flow breccias, ash-flow tuffs, volcanogenic sedimentary rocks, clastic sedimentary rocks,
and dikes; the volcanic and sedimentary rocks at Hoover Dam are at least 500 m thick
(Figure S2) [57].

2.3. Datasets
2.3.1. SAR Data

To monitor the long-term ground deformation around Lake Mead, we analyzed a total
of 177 SAR images over a time span of 24 years, from 1995 to 2019 (Table 1). An external
DEM with a spatial resolution of 30 m (SRTM) was used in the InNSAR processing (Figure 1d).
We conducted InSAR processing to obtain ground deformation around the reservoir with
the SBAS technique [58] on several SAR missions, including the ERS1/2 (1995-2000),
Envisat (2003-2010), ALOS PALSAR (2007-2011), which is hereafter called ALOS, and S1
(2014-2019) (Figure 1e). We also used the PSI technique [59] to monitor ground deformation
at the site of the Hoover Dam, using S1 data (2014-2019). The combined data availability
allowed us to study the long-term relationship between water lake level variations in the
Lake Mead reservoir and ground surface deformations around the reservoir between 1995
and 2019, and at the location of the Hoover Dam between 2014 and 2019.

Table 1. Specifications of ERS1/2, Envisat, ALOS, and S1A/B SAR data. Acronyms used in the table
are descending (D), number of images (No.), Ascending (A), polarization (Po.), and revisiting time
(Ry) in days.

Product Type Period No. Mode Po. R¢
ERS1/2 1995-2000 30 D \'AY 35
Envisat 2003-2010 40 D \'AY 35

ALOS 2007-2011 19 A HH 46
S1IA/B 2014-2019 49D/39A D, A \A% 6/12

4 sensors 1995-2019 177 - - -
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As the ascending and descending data were only available for the S1 sensor, we could
only simultaneously study the reservoir and the dam with these two acquisition modes,
over the period of 2014-2019. It is also worth noting that there is an existing data gap (due
to non-existent acquisitions) between May 2017 and August 2018, in the S1 ascending mode.

2.3.2. Geodetic GPS Data

We used data from one geodetic GPS station (P006) located around Lake Mead to
validate the InSAR results; operated by the Nevada Geodetic Laboratory, University of
Nevada, Reno [60]. The GPS station P006 is the only station located within the extent of the
SAR data and with its time span fully covered by the S1 period (Figure 1a). We used the
vertical displacements recorded there to validate the vertical displacement derived by the
InSAR technique on the S1 data (2014-2019). Although the time span of the GPS station
P006 overlaps partly with that of Envisat and fully that of ALOS, we could not use the GPS
observations of this station for the result validation of these two sensors, due to the large
intervals between data acquisition dates (of several months) (Figure S3).

2.3.3. Water Level Data

Several statistical /empirical [61,62] and climatic models [52,63] showed a decrease
in precipitation and runoff in the Colorado River basin since the year 2000. Lake Mead
experienced a consistent drop in water level since the year 2000 (Figure 2a). We compared
the ground surface deformations around the reservoir obtained by INSAR with the reser-
voir water level between 1995 and 2019, as obtained from the United States Bureau of
Reclamation [64]. A preliminary assessment confirmed that water level in the reservoir
correlated well with the associated storage volume (Figure 2b).
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Figure 2. Water level and storage volume in Lake Mead. (a) Mean water level in Lake Mead and storage volume (United
States Bureau of Reclamation) along with the periods of availability of the four types of SAR data. (b) The scatter plot shows
the linear correlation between the water level and water storage, along with the correlation coefficient.

3. Methods
3.1. InSAR Processing—Lake Mead

The SARscape ® software was used for the InNSAR processing of four different SAR
dataset (i.e., ERS1/2, Envisat, ALOS, and S1). We used the SBAS technique [58] to obtain
ground surface deformation around the lake. INSAR employs the differences in the path
length of two satellite acquisitions taken from the same orbit, to generate maps of spa-
tial and temporal changes on ground (e.g., [39,40]) or the wetland surface (e.g., [41,43]).
SBAS is an algorithm consisting of the selection of short temporal and spatial baselines and
application of space-time filtering, which mitigates atmospheric artefacts and determines
ground deformations that are specifically tailored for natural terrains. We first created
the connection graph that organizes all interferograms (i.e., maps of ground deformation
between acquisition pairs), by defining the temporal and spatial critical baselines for each
sensor. We then co-registered all slave images with the master image to generate the
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interferograms. The critical baseline was the separation between the two satellite passes
that once exceeded results in a complete loss of coherence in the interferograms (e.g., 5 km
in the case of S1). Please refer to Figure 54 of Supplementary Materials for the connection
graphs showing the critical baseline, images, and interferograms obtained for each sensor.

In the co-registration step of the SBAS process, we initially estimated a local nonpara-
metric shift-estimate with the DEM and orbital information. To increase the signal-to-noise
ratio of the interferograms for a more reliable coherence estimation, an appropriate multi-
looking factor was accordingly set for each sensor (i.e., 1 x 6 for ERS, 1 x 5 for Envisat,
3 x 7 for ALOS and 4 x 1 for Slin range and azimuth, respectively). We used the Goldstein
filter on the interferograms and unwrapped them by the Minimum Cost Flow method [65],
applying a third-degree polynomial to remove phase ramps and constants from the un-
wrapped interferograms. After this, we removed the height residual due to the DEM error
and estimated the initial velocity (a definite integral of displacement in the last time-point
of the interval minus the value of the displacement in the first time-point of the interval
normalized (divided) by the interval duration time) of ground deformation in millimeters
per year, during the first inversion step. The atmospheric artifacts were also removed by
applying a two-dimensional spatial low-pass filter and a temporal high-pass filter on the
interferograms. As the topography surrounding the reservoir is sometimes characterized
by steep slopes, we initially found a high correlation between topography and the interfer-
ometric phase (referring to the stratified tropospheric phase delay), after the atmospheric
filtering. Several ancillary data such as weather models, GPS data, and multi-spectral obser-
vations, and approaches such as phase-based method could be used to remove or mitigate
this stratified phase delay [27]. Here, we used the European Centre for Medium-Range
Weather Forecasts (ECMWF) weather models, including ERA-Interim data for ERS, Envisat,
and ALOS periods, and ERA5 data for the S1 period, to estimate the stratified phase delay
using the TRAIN (Toolbox for Reducing Atmospheric INSAR Noise). For information on
the InSAR tropospheric corrections using the ERA-Interim and ERA5 models, please refer
to [27]. Finally, we geocoded the velocity and displacement maps representing the series of
ground displacement for each of the four sensors.

In order to study the LOS (Line Of Sight) deformations around the lake, we focused
the analysis on a 5-km buffer around the reservoir, starting from the border of the shoreline
during the ERS period, which had the largest surface water extent to date. We studied
ground deformation along three transects located in different areas of the lake (transects
A, B, and C; Figure 1b) and specifically at 500 m from the lakeshore along each transect,
to quantify the relationship between ground deformation and lake water level at this
location. Each of the three transects was located in a different section of the reservoir,
and comprised different geological units (Figure S1). This selection was done on purpose in
order to study the consistency of the ground deformation signal across space and geological
units. In addition, we compared the vertical displacements of the SBAS time-series (the
point corresponding to the geographical location of the GPS station P006) to the vertical
displacements of the GPS, in order to validate the SBAS results for the S1 period.

3.2. InSAR Processing—Hoover Dam Site

We used both the SBAS and PSI techniques to study ground deformation around the
lake and water level changes on the Hoover Dam structure with the S1 data (2014-2019).
The PSlis a technique relying on persistent scatterers that have a stable phase history over
time, such as man-made structures, to estimate ground deformation. We applied these two
techniques to generate the displacement maps along the Line of Sight of the satellite (LOS),
both in descending and ascending modes, focusing on the crest of the Hoover Dam.

For the PSI processing, we applied a similar methodology, as for the SBAS encompass-
ing image co-registration, interferogram generation, and tropospheric correction (stratified
phase delay) steps. In summary, we generated a star network to create the connection
graph (Figure S4e,f) and did not apply spectral filtering to preserve the high resolution
of the interferograms. We used a multi-looking factor of 1 x 1 and selected the initial
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PS pixel-candidates by using the amplitude dispersion index [59]. The residual height
and displacement velocity were obtained using the linear model and the phase constant
retrieved from the interferograms were removed using the highest coherent pixel selected
within a predefined area (5 km?) (Figure S6). Finally, we estimated the atmospheric phase
components by using the previous model and the second linear model to fit the final
displacement after removing the atmospheric phase (Figure S5). In the SBAS processing,
we combined the descending and ascending modes to obtain 2D displacement maps of the
dam crest. The displacement vector (d,5) projected on the LOS was extracted for each pixel
and decomposed into its three basic components (i.e., east, north, and upward) as follows:

Uy, singsing — U, cos@sin® + Uy, cos8 + 15 = djps (1

where U is the ground surface deformation field and the subscripts e, 1, u stand for the
three orthogonal components east, north, and upward, respectively. The ¢ is the azimuth
of the satellite heading vector (positive clockwise from the North), 6 is the radar incident
angle, and ¢, is the measurement error due to the imprecise information of the satellite’s
orbits, atmospheric delay, poor phase coherence, and inaccurate DEM [66]. We assumed
0105 to be negligible since the orbit information of the S1 satellite was precise [67] and
the short revisiting time of the S1A/B satellite led to highly-coherent interferograms.
We used an accurate 10-m DEM [68] to increase the geocoding accuracy and parameters
0 =34.06°, ¢ =193°, 8 = 44.00°, and ¢ = 347° for the Sl-ascending and descending modes,
respectively. The local angles values were extracted from each single pixel from the
SAR images. According to Equation 1, the east-north-upward projections of the LOS
displacement vectors were [0.54, 0.12, 0.82] and [0.67, 0.15, 0.71], for the descending and
ascending modes, respectively.

4. Results
4.1. Ground Deformation around the Reservoir and Water Level

The variations of lake water level between 1995 and 2019 resulted in a decrease in the
surface area of Lake Mead, with the north-east area of the lake experiencing a water retreat
of up to 1 km (Figure S7). We obtained the velocity maps of ground deformation for the
whole area of Lake Mead and for all displayed sensors, using a common color legend for
better cross-comparison (Figure 3).

During the ERS, Envisat, and ALOS periods, the most pronounced deformations occur
close to the border of the reservoir and on the Overton arm, along the east and north borders
of the reservoir where the water surface had retreated the most. The subsidence occurring
closest to the lake might be associated with changes in water loading in the reservoir, and
possibly in a smaller degree by the erosion processes of the non-consolidated materials
occurring around the lake and washed-off by wind and water erosion. The deformation
maps of the ERS and ALOS periods showed a larger spatial extent of subsidence beyond
5 mm than the Envisat sensor (Figure 3a—c), while no considerable deformation was seen in
the deformation maps of the S1 descending or ascending modes (Figure 3d,e). It is worth
noting that it is in these periods when water level in the reservoir changed the most. A sim-
ple scheme of the expected elastic relationship between ground deformation due to water
load around the lake (subsidence-uplift) and water level variation is provided in Figure S8.
The velocity map of ground deformation during the ERS period (Figure 3a) contains fewer
pixels than the other sensors due to the low coherence obtained by the ERS data in the step
of the interferogram generation, probably related to the large temporal baselines.
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Figure 3. Sensor—specific velocity maps of ground deformation of Lake Mead. Boundary of Lake Mead during the ERS
period (black) and maps for the (a) ERS, (b) Envisat, (c) ALOS, (d) S1D (Descending), and (e) S1A (Ascending), showing the
Satellite Pass (SP) and Line of Sight (LOS). Negative values indicate an increase in the distance along the LOS (subsidence)
and positive values present a decrease in the distance along the LOS (uplift). The S1IA map was clipped based on the
S1D extent for better inter-comparison. The pixel corresponding to the GPSP006 station in Figure 1 was used as the
reference point.

For a better cross-comparison between the velocity maps of all sensors, we masked
the velocities of deformation beyond the 5-km buffer zone around the lake and analyzed
ground deformation and velocities of deformation along the three transects A, B, and C
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(Figure 4). We found that the most pronounced subsidence occurred closest to the border
of the reservoir during the ERS period 1995-2000 for all three transects A (~—25 mm/yr),
B (~—30 mm/yr), and C’-C” (~—50 mm/yr), and that the magnitude of the subsidence
decreased when moving away from the reservoir. On the contrary, we also found slight
uplifts during the S1D period (2014-2019) next to the border of the reservoir, for the
transects A’-A” (~0.6 mm/yr), B’-B” (~1 mm/yr), and C’-C” (~1.5 mm/yr). However,
the magnitudes of these uplifts were much smaller than the subsidence in the same location
during the early ERS period.
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Figure 4. Velocity maps of ground displacement in the buffer zone. LOS velocity maps for (a) ERS, (b) Envisat, (c) ALOS,

(d) S1D, and (e) S1A, each with three small panels on the right showing the ground deformation velocity in mm per year
along each transect (i.e., A’—A”, B'—B”, and C'—C").

Overall, the general trend of ground deformation moving away from the reservoir
(represented by the red-dashed fitted-lines in all transects of Figure 4) changed consistently
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and gradually from a positive slope in the ERS period, to a negligible slope during the
Envisat and ALOS periods, ending with a negative slope during the S1 period. The velocity
maps of the S1 period for both descending and ascending modes are shown in Figure S9
for a better cross-comparison.

4.2. Relationships between Water Level and Ground Deformation

The InSAR ground displacement at 500 m from the lakeshore was similar in the three
transects, despite the different location of the transects and the different geological units
being covered (Figure 5 and Figure S10). In general, ground surface deformation correlated
negatively with water level (Table 2 and Figure 510). During the ERS (1995-2000), a subsi-
dence occurred, while the water level increased to—and stayed at—the highest water level
across the entire period of measurement (Figure 5). During the Envisat period (2003-2010),
the same negative relationship was found, while the ground rebounded and the water
level decreased. The consistent relationship between water level and ground deformation
during these periods evidenced a compressibility response from the increasing water load
in the reservoir. The ALOS period might be too short to notice this relationship; however,
if existing, it was not as evident as the two former sensors. During the Sentinel 1 period
(2014-2019), the negative relationship was still present but rather as intra-annual oscilla-
tions of water level around a stable water level against small deformations outcropping
from otherwise rather stable ground. It appeared that during the three periods and in
the long term, water mass loading decreased along with a less compressibility effect from
water volume in the reservoir, stabilized the ground (Figure 5 and Figure S10e).
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Figure 5. Water level and InNSAR—calculated displacement relative to the initial ground level of each sensor-period.

Water level (m.a.s.], dark blue) and InSAR LOS average displacement of a 3 x 3 pixel—area at 500 m from the shore and
along the transects (a) A, (b) B, and (c) C.
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Table 2. Relationship between InNSAR deformation displacement and water level. The correlation coefficients (R) between
water level (W) and InSAR displacement for each sensor (ERS, Envisat, ALOS, S1D, S1A), 500 m from the shoreline in each
transect (PT: PA, PB, and PC, respectively).

ERS-W Envisat-W ALOS-W S1Descending-W S1Ascending-W
PT PA PB PC PA PB PC PA PB PC PA PB PC PA PB PC
R -0.88 —-0.87 —-088 -049 -029 -055 -025 -031 -013 -013 -0.03 —-034 -024 -029 -0.27

To assess the accuracy of the SBAS results, we extracted the SBAS time-series of the
vertical ground displacement at the location of the GPS station P006, for both descending
and ascending S1 modes (Figure 6). Although the period of availability (Sentinel) is when
the smallest displacements occurred, the vertical SBAS displacements of both descending
and ascending modes still showed agreement with the GPS data (R = 0.3 and Root Mean
Square Error (RMSE) of 3-8 mm), and with the GPS displacement data also presenting a
negative relationship with the water level (Table 3).

S1D-P006 —*—— GPS-P006

S1A-P006 —&—— GPS-P006

wi | | WL

Vertical Disp. (mm)

1332 C E 20 -3322

330 = 5 g

g g 10} 1330 E

—_ -_— ['}}

1328 3 S 1328 g

\ S 5 of 5

, = > =

| ‘ ‘ | 08 | . ] | | 208
2015 2016 2017 2018 2019 2020 2015 2016 2017 2018 2019 2020
Date Date

Figure 6. Validation with GPS station during the S1 period. Cross—comparison between vertical ground displacements at
station P006 from both GPS measurements and SBAS during the S1 period for both (a) descending and (b) ascending modes.

Table 3. Accuracy assessment of the time-series of the SBAS—S1 displacements. RMSE and R corresponding to results of Figure 6.

Water Level-S1  Water Level-S1

S1 Ascending-P006 S1 Descending-P006 Ascending Descending
Station name R RMSE (mm) R RMSE (mm) R R
GPS P006 0.38 8 0.33 3 —0.58 —0.52

4.3. Deformation of the Dam and Water Level Changes

Taking advantage of the resolution given by the S1 sensor, we focused on ground
deformations at the Hoover Dam. Both SBAS and PSI techniques were used in both
descending and ascending modes to obtain ground deformation around the dam and on
the dam itself (Figure S11). The LOS displacement maps derived by the SBAS and PSI
techniques showed similar displacement patterns and magnitudes for the crest of the dam
(Figure 7a—d). The displacements consisted of a pronounced subsidence at the east and
north of the crest, in the ascending mode, and an inverse pattern on the descending mode.
The LOS PSI and SBAS time-series displacements of the point “b”, located on the middle of
the crest (Figure 7a,b), were constructed for comparison in both descending and ascending
modes. In the case of the PSI displacement map in the descending mode (Figure 7d),
there was no coherent displacement signal at point “b”, for which we used instead the the
nearest point (blue) on the west of the middle of the crest.
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Figure 7. LOS displacements in Hoover Dam derived by the SBAS and PSI. (a) SBAS displacement
along the LOS in ascending (SBAS—A), (b) and descending (SBAS—D) mode, (c) PSI displacement in
ascending (PSI—A) and (d) descending (PSI—-D) modes. Point “b” indicates the middle of the crest.

In the middle of the crest of the dam (point b: Figure 7a), the SBAS and PSI time-series
of LOS displacements had a good agreement and again a negative relationship with water
level, and as for the case of the reservoir’s surroundings during the S1 period, ground
displacements were small (Figure 8 and Table 4).
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Figure 8. Displacements in the middle of the crest. Water level and PSI/SBAS ground displacement along the LOS at the
middle of the crest (point b in Figure 7a). (a) The ascending mode and (b) the descending modes.
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Table 4. Correlations of displacement on the crest of the dam and water level (see Figure 8).

Mid-Point Correlation PSI-SBAS PSI-SBAS W-PSI W-PSI W-SBAS W-SBAS
Coefficient Descending Ascending Descending Ascending Descending Ascending
R 0.59 0.33 —0.56 —0.04 —0.51 -0.33

Using the displacement decomposition of the ascending and descending geometries,
we calculated the 2D displacement components of deformation around the area of the dam
(Figure 9a,b) and at the dam site (Figure 9c,d). The horizontal displacement pattern shows
displacements of the dam in the west-east direction and how the buttresses of the dam
move away from the middle of the crest (Figure 9¢c). The western buttress (indicated by A”
at the beginning part of the crest profile) moved towards the west by 16.5 mm, while the
eastern buttress shifted 54 mm to the east. Regarding the vertical deformation, the water
level also showed a negative dependency on ground displacement in the buttresses and the
middle of the crest arising from the interannual variability of both water level and ground
displacement, even more evident at the middle of the crest (Figure 9d).
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Figure 9. Horizontal and vertical displacements of the Hoover Dam during the S1 period. Regional (a) horizontal and (b)
vertical displacement maps, with focus on the dam site—(c) horizontal and (d) vertical displacements, respectively. (e) Total
horizontal and vertical displacements along the crest (from point K’ to K”) and (f) time-series of water level and the vertical
displacements of the buttresses and the points ‘a’, ‘b’, and ‘c’, along and over the crest (Figure 9d).
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5. Discussion

We found a negative relationship between ground deformation and water level
throughout the period 1995-2019, evident across most radar sensors and present around
the reservoir, across different geological units, and even at the dam site. The relationship
agreed with previous studies of ground deformation in the area; one using InNSAR during
the period 1992-2002 [44] and a second one performed with levelling techniques [45].
The latter study found an accumulated subsidence of the ground surface in the central part
of the reservoir (relative to the level in 1935) of around 120 mm (in 1941), 218 mm (in 1950),
and 200 mm (in 1963), which related to the weight of the impounded water. The higher
temporal and spatial resolution of our study showed that the largest ground deformations
occurred close to the shores of the reservoir, in comparison to the larger deformations found
by [44], even at long distances away from the reservoir. This difference was due to—(i) the
current available sensor data, (ii) corresponding stricter spatial and temporal thresholds
that we could now apply (i.e., 60% percentage of the critical baseline and 250 days for the
temporal baseline), and (iii) the low number of ERS data that we considered usable for the
SBAS analysis. The SBAS technique, not yet available at the time of the former studies,
is a more powerful technique, as it efficiently reduces the negative effects of decorrelation
and atmospheric artifacts. Furthermore, we used the weather model of the ERA-Interim
(spatial resolution of approximately 80 km) to mitigate atmospheric artefacts and overcome
the stratified phase delay than the ERA40 used by [44], which used a spatial resolution of
125 km.

In general, all sensors analyzed here in ascending and descending modes evidenced
a negative relationship between water level and ground deformation around the reservoir,
along the three selected transects. The negative relationship was evidenced from the
interannual trends of both variables during the ERS1/2 (1995-2000), Envisat (2003-2010)
and mildly during the ALOS PALSAR (2007-2011), and from the intra-annual variations
of the more stable S1 period (2014-2019) (Figure 5). The negative relationship could be
explained by a long-term subsidence due to an increase in water loading, when the water
level increased and the smaller intra-annual ground displacements were associated with
seasonal variations of water level and storage, and was validated by the GPS station P006
located in the northern shoreline of Lake Mead.

The ALOS sensor deformation represented more subsidence than the other three
sensors, possibly due the acquisition mode of the sensor. The ALOS data acquisition was
aligned to the LOS of the ascending mode, while the other three sensors were aligned
to the descending mode. This was ratified when comparing the velocity maps of the
descending and ascending modes of S1 data, especially within the 5-km buffer around the
lake (Figure 4d,e and Figure S9), which also showed larger displacements in the ascending
mode. Since ALOS was an L-band sensor, it operated with a longer wavelength, provid-
ing more capability and sensitivity than the C-band sensors, capturing other trivial and
superficial deformations related to surface water or wind erosion.

Despite the geological heterogeneity around the lake, we found that ground displace-
ments in the transects A, B, and C were similar, throughout the entire period of 1995 to
2019. Although transects A and C were located in the areas of Cenozoic sedimentary rock
and transect B was located in the Cenozoic volcanic rock, the elastic deformation associated
with the changes in water mass loading in Lake Mead went beyond the difference in their
geological features, at least within the 5 km-buffer around the lake.

In order to obtain more details about the spatial variability of ground deformation,
two independent estimations of the water loading signal for the same period of 51 using the
descending and ascending modes, helped us to cross-validate the SBAS results. The com-
parison showed a stable trend for S1D and more deformation for S1A along transect A,
a similar trend for both S1D and S1A along transect B and a general similar trend with
an inverse relationship at the several given distances for S1D and S1A, along transect C
(Figure S9). The different deformation patterns detected around the lake (mainly uplift in
the S1D and subsidence in the S1A periods) suggested that the deformation induced by the
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water load around the lake did not have a purely vertical displacement component, since if
that were the case we would have the same deformation pattern in both geometries.

Regarding the measurements at the site of the Hoover dam, the detected PS pixels
provided a good agreement with the SBAS results, especially in the descending mode
(Table 4). Generally, a negative relationship was also observed between the water level
and dam displacement. However, the deformation pattern was not uniform and constant
along the crest of the dam. The displacement values along the crest showed that the second
half of the profile experienced the largest deformations (i.e., 26 mm down and 54 mm east)
(Figure 9¢,d). However, the horizontal displacements occurred at the both ends of the dam
crest, where we had the lowest correlation coefficients between the water level and the
vertical displacement (i.e., at the points “a” and “c”). This implied that the water load
oscillation was not the only key factor of the dam deformation and other factors could have
contributed to the deformation. The horizontal force of the water flow behind the dam
wall and the local geological and tectonic characteristics of the two buttresses are the main
reasons that could explain the variation of horizontal and vertical displacements along
the crest.

6. Conclusions

We constructed one of the longest time-series of INSAR to date (1995-2019), to study
the relationships between water level changes and ground surface deformation around
Lake Mead, United States, and at the site of the Hoover Dam. Our study was novel in
a way that it made an examination across sensors of the relationship between water level
changes in the reservoir and ground displacement. The study also covers one of the largest
periods of observations on the scientific literature covering four radar sensors, besides
performing simultaneous analysis of displacements around an impounded reservoir and
its dam structure. Based on the new technologies currently available, we increased the
spatial and temporal precision of ground displacement analysis of Lake Mead, an iconic
reservoir in which pioneering InSAR studies were made almost two decades ago. We found
a negative relationship that was evident from the long-term changes in water level and
deformation occurring from 1995 to 2014, and also from the intra-annual oscillations of the
later and more stable period 2014 to 2019, both around the reservoir and at the dam site.
These results suggest an elastic response of the ground surface to changes in water storage
in the reservoir. Overall, the results demonstrated a significant role of water load changes
for the ground deformation occurring around Mead Lake and Hoover dam, and that
InSAR-derived ground deformations could be consistent across sensors.
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