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Abstract The filling and emptying cycles of reservoir operations may change hydrological mass
loading, leading to a flexural deformation of the crust that may compromise the infrastructure safety or
trigger earthquakes. In this study, we investigate the seasonal crustal response of the Tehri reservoir in
the Garhwal Himalaya, northern India, using interferometric synthetic aperture radar (InSAR), Global
Positioning System, the Gravity Recovery and Climate Experiment, radar altimetry, and in-situ water-level
measurements. Results show that the evolution of vertical ground deformation is modulated elastically
by the reservoir operation, whereas the horizontal displacement measured near the reservoir exhibits a
time lag of ~65 days with respect to the vertical displacements and water-level variations. The delayed
deformation transients indicate that the reservoir loading/unloading cycles affect the near-surface
hydrology in its neighborhood. The broader distribution and higher amplitude of ground deformation
during the loading periods revealed by the InSAR time series can be explained by water-rock interactions,
which cause a decrease in the effective Young's modulus within the top 300-m crustal layer. Our results
demonstrate the potential of using space geodetic data to ensure a better understanding of the solid Earth
response to regional hydrological changes.

Plain Language Summary The seasonal variations of water storage in the reservoir alter
the stress state and hydrologic loadings in the neighboring region thereby may bring measurable crust
deformation at the lakeshore. Recent studies have worked to capture the long-term deformation signals
near the reservoirs and lakes, but seldom of them has considered the localized crust behavior on a
seasonal scale. To better understand crust deformation processes from this anthropogenic source, we
used multiple space geodetic observations, in-situ data, elastic and poroelastic models to study the Tehri
reservoir, India. The results show that the ~80 m water loading cycles modulate the elastic deformation
close to the reservoir. An asymmetric crustal deformation with higher amplitude and broader impacted
area in the loading scenario, providing a possible weakening effect in the fractured shallow crustal
medium from the water-rock interaction. While the elastic deformation in the vertical direction is well
explained, more complicated horizontal motions may be connected to the local hydrologic conditions.

1. Introduction

The transient variation of mass loading on Earth results in instantaneous elastic ground deformation (Dill &
Dobslaw, 2013; Farrell, 1972). Surficial mass changes are mainly influenced by the atmosphere (e.g., atmos-
pheric pressure loading), the oceans (e.g., tidal and non-tidal ocean loading), and the terrestrial hydrosphere
(e.g., water storage in surface and near-surface water and snow) (van Dam et al., 2001). The change in inland
lake water storage involving substantial mass redistribution provides an opportunity to observe the Earth's
crustal response to the transient surface load variation. Conventional ground-based measurements (e.g.,
leveling) have been used successfully to measure the loading-induced ground deformation (Kaufmann &
Amelung, 2000); however, they have a limited spatial coverage and high difficulty in maintaining long-term
routine monitoring (B. Liu et al., 2016; Zhang et al., 2020). Space geodetic techniques, including the Global
Positioning System (GPS), the Gravity Recovery and Climate Experiment (GRACE), and radar altimetry, can
be used to study the potential loading-induced deformation. El6segui et al. (2003) reported the first evidence
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of lake-loading-induced deformation using GPS data near Great Salt Lake, Utah. They found decadal trends
of ~2 mm/yr in the vertical and ~1 mm/yr in the horizontal components at two continuously operating GPS
sites within ~30 km from the Great Salt Lake owing to the ~3 m water variation. However, any potential sea-
sonal variations were unclear and likely included contributions from other sources (e.g., multipath, orbital
error, tropospheric model error, draconitic error, and non-tidal atmospheric loading). Saleh et al. (2018) and
Wabhr et al. (2013) used GPS time series to analyze induced deformation around Lake Shasta, California, and
Lake Nasser, Egypt, respectively. Dumka et al. (2018) reported the deformation associated with the filling
cycles of four hydroelectric reservoirs in India captured via continuously operating GPS stations. Drawing
on a small number of GPS stations near four reservoirs in India, Dumka et al. (2018) found that even a small
reservoir (e.g., Dharoi reservoir with a storage capacity of ~0.9 km®) was capable of generating resolvable
seasonal deformation (~1 cm) near the lake shoreline (i.e., ~200 m). However, the major drawback of GPS is
that it only allows for point measurements, thus leading to a poor spatial resolution of the deformation field.
This makes it difficult to determine the complete deformation pattern caused by the reservoirs' filling and
emptying cycles. Similarly, GRACE data are only suitable for capturing large-scale continental hydrological
loading given its spatial resolution of >350 km (e.g., Chanard et al., 2014; Fu & Freymueller, 2012).

Reservoir loading-induced crustal deformation can also be captured by satellite interferometric synthetic
aperture radar (InSAR). This includes studies of deformation during: (a) rising water periods at Lake Siling
Co (Doin et al., 2015) and Lake Bam Co (Li et al., 2012), (b) water withdrawal periods in the Dead Sea (Nof
etal., 2012) and Lake Yangzhuoyong (Zhao et al., 2016), and (c) multi-year loading/unloading cycles at Lake
Mead (Cavalié et al., 2007) and Toktogul Reservoir (Neelmeijer et al., 2018). Owing to the low temporal res-
olution of the available InSAR data and the characteristics of natural lake water variations, these prior stud-
ies typically focused on long-term changes spanning several years. Only a few current works have studied
the seasonal crustal response from lake loading fluctuations. Notably, Gahalaut et al. (2017) and Gahalaut,
Gahalaut, et al. (2018) used GPS time series and ALOS-1 PALSAR data spanning a single filling period to
study the pattern of seasonal deformation in the Koyna-Warna and Tehri reservoirs.

1.1. Tectonic and Geological Settings of the Study Area

Tehri Lake in Uttarakhand, India, is the reservoir impounded by the Tehri Dam, and its operation began
in October 2005. The reservoir has a total storage capacity of ~4 km?®, and its surface area spans ~52 km?
(Gahalaut, Gupta, et al., 2018). The Tehri Dam is a 260.5-m Earth and rock-fill embankment dam and is
the highest in Southeast Asia (Kanaujia et al., 2015). It is located on the confluence of the Bhagirathi and
Bhilangana rivers, in the Garhwal Lesser Himalaya (Figure 1a) (Gupta & Rajendran, 1986). The exposed
rocks near Tehri Lake belong to the Lesser Himalaya sequence including both inner-Lesser Himalaya and
outer-Lesser Himalaya units (e.g., Kumaun-Garhwal group, Figure 1b). Near the center of Tehri Lake, we
find exposures of the Chandpur formation with phyllite and weathered quartzites. Abundant joints and
fractures are exposed in several slopes within the Chandpur formation area (Kumar & Anbalagan, 2016).
Other major units near the reservoir are the Nagthat and Rautgara formations which contain phyllites with
subordinate quartzites and limestones (Kumar & Anbalagan, 2016; Negi, 1998; Sharma & Prasad, 2018).

Tectonically, the location of Tehri Lake, the Garhwal Himalaya area, has a high potential for large seis-
mic events because accumulating tectonic stress has not been fully released since the ~M 7.7 1803 earth-
quake, which occurred somewhere between the India-Tibet border and Devprayag (within 130 km from
the Tehri) (Ambraseys & Douglas, 2004; Bilham, 2019; Rajendran et al., 2000). Since the 1990s, two strong
earthquakes occurred within 100 km of the reservoir: the 1991 Uttarkashi earthquake (M,, 6.8) and the
1999 Chamoli earthquake (M,, 6.6) (Rajendran et al., 2000; Xu et al., 2016). In addition to three strong-
to-major seismic events, small-magnitude earthquakes along the Himalayan seismic belt have occurred
close to the Main Central Thrust (MCT) (Figure 1a), which approximately marks the transition from the
strongly coupled Main Himalayan Thrust (MHT) in the south to the aseismically creeping MHT to the
north (Ader et al., 2012; Dal Zilio, 2020; Stevens & Avouac, 2016). The spatio-temporal distribution of earth-
quakes within 25 km of the reservoir has shown an apparent change after reservoir impoundment. The
International Seismological Centre catalog documents more earthquakes (3.2 < M, < 6) to the north of the
reservoir than to its south during the 1967-2004 period, which was before the impoundment (Gahalaut,
Gupta, et al., 2018). However, this pattern changed after the impoundment. Both the international and
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Figure 1. (a) Location of Tehri reservoir with topographic relief around the study area. KUNR and KHIR are two continuously operated Global Positioning
System (GPS) sites used in this research, depicted by blue triangles. Other GPS sites operated by CSIR-NGRI, Hyderabad, are depicted by sky blue triangles
(Gahalaut et al., 2017). Green and yellow circles represent events (3.2 < M, < 6) from the International Seismological Centre catalog from 1967 to 2005
(pre-impoundment period) and 2005-2019 (post-impoundment period), respectively. Red circles represent earthquakes (M,, 1.5-2.8) recorded by a temporary
network of seismic stations between 2005 and 2008 (Gahalaut, Gupta, et al., 2018; Mahesh et al., 2013). MCT: Main Central Thrust; MBT: Main Boundary
Thrust; MFT: Main Frontal Thrust. The sky blue dashed line represents the ground track of the radar altimetry satellite. The black dashed circle denotes the
region of a radius of 25 km centered at the Tehri Dam. The dashed red polygon indicates the boundary of detailed geological map in subplot (b). The inset
shows the location of the study area. Red rectangles represent the coverage of Sentinel 1A SAR data (ascending track 129, Frames 92 and 97). (b) Geological
map of stratigraphy and rocks near the Tehri Lake (Kumar & Anbalagan, 2016; Negi, 1998; Sharma & Prasad, 2018).

regional seismic catalogs show that more earthquakes occurred south of the reservoir (Figure 1a) (Gaha-
laut, Gupta, et al., 2018; Gupta et al., 2012; Mahesh et al., 2013). Gahalaut, Gupta, et al. (2018) resolved the
impoundment-induced Coulomb stress change on the MHT. They suggested that the impoundment of the
Tehri reservoir might have inhibited seismicity on the MHT to the north of the dam while decreasing the
fault stability on the MHT to the south.

In this study, we combine the Sentinel-1A InSAR time series and GPS data to calculate the crustal response
caused by loading variations from the Tehri reservoir and analyze the coupling relationship between the
ground deformation and water-level variation (Figure S1). In contrast to previous studies, we focus on the
seasonal signals from the reservoir operations and the regional hydrological loading spanning multiple
filling cycles. We use a layered-Earth loading model constrained by InSAR observations to explain the re-
sponse and estimate local elastic rock properties surrounding the reservoir. The remainder of this paper is
organized as follows. We describe the data processing steps in Section 2. We model the ground deformation
caused by reservoir loading and regional continental hydrological loading in Section 3. The results of the
observations and model predictions are reported in Section 4. We discuss the possible causes of ground
deformation, inferred regional crust elasticity, and inelastic deformation from the reservoir's loading in
Section 5, and summarize our conclusions in Section 6.

2. Data Processing
2.1. Lake Water Level and GRACE Datasets

We used the lake water-level data provided by the Tehri Dam authority, the Central Water Commission of
India (CWC), and the United States Department of Agriculture (USDA) to analyze the coupling between
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loading variation and the Earth's response. The in-situ measurements were carried out at the Tehri Dam,
and the data were provided by the dam authority (2012.6-2015.3) and CWC India (2015.4-2018.1). The
USDA data were acquired from a single radar altimetry satellite overpass by Jason-2 (2012.6-2016.9) and
Jason-3 (2017.9-2018.1) with a 10-day resolution (Figure S1).

In the Himalaya, the continental hydrological loading cycle caused by variations in terrestrial water storage
also generates measurable geodetic deformation (Bettinelli et al., 2008; Chanard et al., 2014; Fu & Freymu-
eller, 2012). This hydrological variation is caused by precipitation from the summer monsoon and seasonal
runoff, which depends on the melting or accumulation of mountain snow and glaciers (L. Liu et al., 2019).
Therefore, we employed the GRACE-derived RLO5 Equivalent Water Height (EWH) product (10-day) from
Centre National D'Etudes Spatiales to represent the change in regional-scale terrestrial water storage.

We post-processed the 10-day GRACE EWH time-series product by applying a 30-day window Gaussian
filter to suppress the noise and to smooth the time-series data. We removed a linear trend term from the
EWH time series to extract the seasonal hydrological loading signals. Subsequently, we modeled the ground
displacements caused by regional hydrological loading using the method and the Earth model described in
Section 3.1. The observations at the detrended data of far-field GPS site KHIR are closely matched by the
model predictions derived from the GRACE EWH with a correlation coefficient of 0.81 and a residual RMS
of 0.31 cm in the vertical component (Figure S2, yellow lines). It indicates that the predominant seasonal
variation at KHIR site is modulated by the regional hydrological loading. This result is also consistent with
findings by Gahalaut et al. (2017), who used the Land Surface Discharge Model to predict the seasonal
deformation at KHIR site.

2.2. GPS

A permanent network of 23 continuously operated GPS sites has been deployed to monitor Himalayan
crustal deformation in the Garhwal-Kumaun region (Yadav et al., 2019). Two of the sites (Figure 1a), KUNR
(30.46°N, 78.40°E; which is located on the left bank of the Tehri reservoir and KHIR (30.17°N, 78.88°E; which
is located ~50 km southeast of KUNR) were used in this study (Dumka et al., 2018; Gahalaut et al., 2017).
Both sites are located ~60 km northeast of the Main Frontal Thrust. We used the GAMIT/GLOBK software
to estimate the coordinates and velocities of the GPS sites from June 2012 to December 2017 and stabilize
the solution by incorporating data from core IGS sites (Herring et al., 2010a, 2010b; King & Bock, 2005). We
employed the ocean tide model FES2004 to perform the ocean-loading and applied pole-tide corrections
(Letellier, 2004). The IERS2003 model was used to correct the effect of solid earth tides at the site locations
(McCarthy & Petit, 2004). The Global Mapping Function was used to remove the contribution of the hydro-
static and non-hydrostatic components of the tropospheric delay model (Boehm et al., 2006). The final solu-
tion was estimated in the International Terrestrial Reference Frame 2008 (ITRF2008, Altamimi et al., 2011).

The resultant time-series of KUNR and KHIR indicate similar secular velocity in both the north
(W xunr = 347 cm/yr, vy xar = 3.45 cm/yr) and east velocity components (Vg xungk = 3.39 cm/yr,
Vg xmr = 3.37 cm/yr) (Figure S3). Considering that the seasonal fluctuations at KHIR can be attributed to the re-
gional hydrological loading (Figure S2a, yellow lines) rather than the lake-load induced deformation (less than
1 mm) and the similar geologic, climatic and tectonic environment of these two sites. We therefore used the
KHIR site as a reference station to remove contributions from regional hydrological loading at KUNR (Figure 2).

2.3. InSAR

We used Sentinel-1A SAR data from November 2015 to October 2017 in the ascending orbit to study the
ground deformation at Tehri reservoir and generate interferograms using the InSAR Scientific Computing
Environment software (Agram et al., 2016; Rosen et al., 2012). We did not use the data before November
2015 because of infrequent acquisitions at the beginning of the Sentinel-1 mission. We also did not use
the descending-orbit data because they are strongly affected by atmospheric noise and the deformation
signal is largely obscured. Because of the rough terrain and dense vegetation near the lake, the InSAR data
are affected by spatial and temporal decorrelation that challenge robust interferogram generation (Wei &
Sandwell, 2010; Xu et al., 2018). To maximize the signal-to-noise ratio and to extract enough pixels to sta-
bilize the unwrapping procedure, we applied the Stanford Method for Persistent Scatters InSAR time se-
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Figure 2. (a-c) Global Positioning System (GPS) time series displacements at station KUNR near Tehri reservoir relative to station KHIR showing seasonal
variations in the north, east, and vertical directions, respectively. The black curves represent the best-fitting lines using the Broyden-Fletcher—Goldfarb-Shanno
curve fitting method which considering both linear and annual terms (Carpenter et al., 2017). (d) Correlation between the in-situ water-level measurements
and the GPS-measured vertical deformation. The GPS data have a gap from July 2016 to March 2017 owing to an instrument malfunction at KHIR station.

ries technique (StaMPS-MTI) to select reliable candidate points and retrieve the small ground deformation
(Hooper, 2008). We unwrapped the data iteratively on different unwrapping grid sizes until all interfero-
grams were correctly unwrapped. We removed six noisy interferograms (Figure S4), and all interferograms
related to the acquisition from June 29, 2016 in which the phase cannot be unwrapped stably. The final
baseline configuration for the InSAR time series analysis is shown in Figure S4. We inverted the unwrapped
interferograms to retrieve the line-of-sight (LOS) time series solutions using the least squares method
and estimated the spatially correlated topographical errors. To mitigate atmospheric artifacts, we applied
the ERA-5 model of the stratified atmospheric delay, which is an hourly atmospheric reanalysis product
from Copernicus Climate Change Service Information (Murray et al., 2019; Bekaert et al., 2015). A con-
ventional spatio-temporal filter was used to mitigate atmospheric turbulence. The average residual phase
Phesia = P — Plopo — Phimos — Plctorm — Phamp Tor all the acquisitions is 3.66 mm (Figure S5a). Although the
residual phases may contain residual tropospheric turbulence, uncorrected ionospheric turbulence, re-
maining decorrelation noise, and other unmodeled signals (Jung et al., 2013; Tong et al., 2013), they exhibit
limited correlation to the topography and the atmospheric artifacts are mostly well estimated (Figure S5b).
We grouped InSAR-measured ground deformation into four periods of loading (2016.5-2016.9, and 2017.6-
2017.10) and unloading (2015.11-2016.5, and 2016.9-2017.6) according to the peak-to-trough water-level
time series described in Section 2.3 (Figure 3).

3. Modeling Methods
3.1. Modeling of Reservoir Induced Elastic Ground Deformation

To model the crustal flexure caused by the reservoir operation, we first reconstructed the driving source,
mass variation at Tehri reservoir from the in-situ water-level measurements. The surface area of reservoir
was discretized into 100 x 100 m grids. We assigned water-level data and bathymetry to compose the loading
cuboids. Because the Shuttle Radar Topography Mission (SRTM) data were acquired before the initial im-
poundment of Tehri reservoir (Farr et al., 2007), we treated the SRTM DEM as the bathymetry in our model
(Figure S6). We then used a layered elastic model (Farrell, 1972; Guo et al., 2004; Longman, 1962) to sim-
ulate ground deformation caused by the mass redistribution and constrain the regional depth-dependent
rock properties (Young's modulus) using the InSAR data on 30 x 30 m grids.

To estimate the elastic deformation from reservoir operation on a layered substrate, we defined an appro-
priate Earth model that includes the elastic moduli and density of multiple layers under a self-gravitating,
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Figure 3. Ground deformation in radar line-of-sight direction between 2015 and 2017. The four rows are divided by peak-to-trough water-level variations. The
“warm-colored” points (yellow to red) represent motion toward the satellite (predominantly uplift), and “cold-colored” points (green to blue) indicate motion
away from the satellite (i.e., predominantly subsidence). The black triangle in each panel represents the location of Global Positioning System station KUNR.
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spherically symmetric, non-rotating, elastic and isotropic Earth model assumption. The Load Love numbers
(LLNs), which represent the vertical and horizontal responses of the rigid Earth to the applied external
mass are defined as:
, Vi (R)
(€)
, 3 R)
l)‘l = R

s

where Y and Y3 are the equations of motion for radial and tangential displacements (Equation 15 from
Longman, 1962), and R is the Earth radius. The Load Green's functions (LGFs) for the surface displace-
ments with respect to the unit point mass are then defined as (Farrell, 1972):

R v
Uy = _ano th”(cosé)
mf

~ R Zf,v:o F, (5059) + izglo(hﬂ - hw)P,, (cos@),
m,
e e @
R _, . OP,(cosé
A
_al, N 1813,1(0059) a N 181"”(005(9)
~ Zznﬂ;T + m—eznzl('ﬂn -1, );T’

where m,, R, 0, n, and P, are the Earth mass, Earth radius, the angular distance from the source to the re-
ceiver, the spherical harmonic degree, and Legendre polynomials, respectively. As the results of Equation 2
are from approximations of a high degree LLNs (i.e., a dependence on decomposition of spherical harmon-
ic), we used N = 5000 to obtain the asymptotic values of LLNs (Chen et al., 2018; Martens et al., 2019)
and the corresponding Green's function (Figure S7). The vertical and horizontal responses of LGFs show
that expanding the spherical harmonic to 5,000 degree is sufficient to solve local surface motions (Fig-
ure S7). The elastic response of the solid Earth may be affected by a non-planar Earth surface (e.g., Styron
& Hetland, 2015); however, here we do not further explore the secondary role of topographic relief in our
modeling.

We employed four InSAR deformation maps and grouped them by the water history as loading (Figures 3f
and 31) and unloading data (Figures 3c and 3i) to infer the regional Young's modulus in the 0-15 km. We
minimized the misfit between the model predictions and InSAR observations by the grid-search method
(Nof et al., 2012; Zhao et al., 2016). We imposed the additional constraint as the elastic moduli increase with
depth to avoid fluctuation and unrealistic results. We used the layer information and Young's moduli from
seismic waves as initial values (Figure S8, Table S1), and we set the 0-15 km, 0-100 GPa, and 0.1 GPa as the
searching ranges of the depth, Young's moduli and search step, respectively.

Since the size and mass change of the Tehri reservoir (i.e., ~40 km” and ~2.4 Gt, respectively) are 1-2 orders
of magnitude smaller than the loadings from ice-caps (Grapenthin et al., 2006; W. Zhao et al., 2014) or large
lakes (Nof et al., 2012; Zhao et al., 2016) (e.g., hundreds of km* and tens to hundreds of Gt), the crustal
deformation may only reflect the elasticity of the shallow upper crust. To better constrain the depth-de-
pendent elastic heterogeneity in the crust, we performed a depth-sensitivity test following the method in
Doin et al. (2015). Starting from a three-layer model (detailed model structure in Figure S9), we separated
the elastic model into a 2.5-km layers and decreased Young's modulus in each layer by a factor of 2 (Doin
et al., 2015). We compared the difference between the modified model (i.e., half value of the Young's mod-
ulus) and the original model as a function of distance to the load center. Although this simple sensitivity
test shows that the response is most sensitive to the layers between 5 and 12.5 km depth, the shallowest
0-2.5 km layer also exhibits a substantial response at the near field point that is, 1 km from the reservoir
mass center (~0.6 cm crustal response, black curves, Figure S9a). The result of our sensitivity test is com-
parable to that obtained by Doin et al. (2015), which shows the greatest sensitivity of the load field to the
elastic parameters at 10-20 km depth at the Siling Co lake.

To further validate whether the elastic properties of the shallowest layer (less than 1 km) can have a signif-
icant effect on the near-field elastic loading deformation, we constructed two layered models; a three-layer
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(0-5 km, 5-15 km, and 15-100 km) and a four-layer models (0-1 km, 1-5 km, 5-15 km, and 15-100 km)
(Figure S9b). The estimated effective Young's modulus in the four-layer model: 0-1 km is 41.6 GPa, which
is 12% lower than the 47 GPa in the 1-5 km layer (Figure S9b, red line) and 8% lower than the 45 GPa in the
0-5 km layer in the three-layer model (Figure S9b, black dashed line). This indicates that the layering in the
shallow crust substantially impacts the inferred Young's modulus and can be captured by the elastic model.

Therefore, in order to find the appropriate layering strategy in each layer (i.e., thickness), we quantified the
misfits between the observations and model predictions from different stratifications (Figure 4). We first
separated the 0-15 km crust into the following five depth ranges: 1) 0-0.5 km, 2) 0.5-1 km, 3) 1-2 km, 4)
2-5 km, and 5) 5-15 km for the reason that the model sensitivity of surface motion and elastic parameters
should decrease with depth in the crust. Then, we inverted the elastic parameters in layers of different
thicknesses for each depth range, while setting the stratification identical for the other depth ranges. We
tested coarser model settings in the shallow depth 0-2 km and found that the coarser models underesti-
mate the near-field deformation, especially in the topmost 0-0.5 km depth (~5 mm; Figure S10), due to the
depth-dependent model sensitivity for the local surface loading in the shallow crust. Although we could not
exhaustively investigate all the cases, the results suggest an acceptable resolution for the depth discretiza-
tion as 100, 250, and 500 m in depth ranges 1) to 3), respectively (Figure 4f). To simplify our model, we did
not further divide the layers below a 2 km depth, as no substantial improvement was found.

After formulating the layering strategy in the top 15 km, we constrained the Young's moduli separately
from both the loading and unloading InSAR data to test whether the elastic rock properties differed during
periods of increasing and decreasing compression (Jaeger et al., 2009; Peltzer et al., 1999).

3.2. Modeling of Reservoir Induced Poroelastic Ground Deformation

As opposed to groundwater systems in sedimentary basins, where cm-scale seasonal deformation cycles
(uplift and horizontal extension during the wet season) can be observed (e.g., Chaussard et al., 2014; Hu &
Biirgmann, 2020), Tehri Lake is located on crystalline basement. Here, we used a coupled poroelastic model
(POEL package, Wang & Kiimpel, 2003) to model possible contributions in the eastern component of the
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GPS time series from the poroelastic rebound induced by subsurface pressure differentials caused by the
surface load change. In this poroelastic model, the transport of fluids is assumed to equilibrate the excess
pore pressure differentials introduced by surface load changes. The restoration of hydrostatic equilibrium
is similar to the pore pressure diffusion process, or poroelastic rebound, which occurs in response to static
coseismic pressure changes in the shallow crust (e.g., Peltzer et al., 1999; Zhao, Biirgmann, et al., 2017). Due
to the lack of well/piezometric data and regional aquifer system, we do not account for leakage of water
from the lake and surface run-off to the underlying rocks, which may change the rock skeleton and cause
additional deformation. Therefore, we imposed zero shear tractions at the surface and zero normal displace-
ments and zero excess pore pressure at the bottom of model as the boundary conditions. The hydraulic dif-
fusivity of the porous medium controls the temporal evolution of the pore pressure and associated surface
deformation by the following governing equation (Wang & Kiimpel, 2003):
(ﬂ,+2,u)V(V~u)—yV><(qu)—an:O,
10p

o E-F(Z%V u=Vp = g(x.1),

3

where y is the displacement vector, p is the pore pressure changes, 1 and 4 are the Lamé coefficients, ¢ is the
coefficient of effective stress, Q’1 is the bulk compressibility, y is the Darcy conductivity, and q(x,t) is the
loading function with respect to the receiving location and time. We set up the shear modulus according to
Young's modulus estimated by the best-fitting layered elastic model (Table S1). The drained/undrained Pois-
son's ratio and Skempton's coefficient (the change in pore pressure per unit change in confining pressure)
were 0.25, 0.35, and 0.65, respectively. Because the fluid flow from loading variation may only be relevant to
the uppermost layers at the annual time scale, we set hydraulic diffusivity values ranging from 0.1 to 5 m?/s
(i.e.,, 0.1,0.5,1, 2.5, and 5 m?/s) in the first 500 m to evaluate the effect of diffusion velocities on the ground
deformation. By defining these five independent parameters, the Biot modulus Q"' (the bulk compressibil-
ity), the Biot effective stress « (the change in pore pressure per volumetric unit change in the rock), and
Darcy conductivity y, were uniquely determined. We used the Laplace-Hankel transform method to solve
the surface displacements (Wang & Kiimpel, 2003).

4. Results
4.1. Seasonal Water-Level Fluctuations at Tehri Reservoir

The in-situ water level gauge indicates a significant seasonal fluctuation of ~80 m associated with the
reservoir operations. The in-situ gauge data and radar altimetry data are temporally closely correlated,
with a high correlation coefficient of 0.92 and have the same seasonal periodicity (Figure 5). However,
there is a ~20 m discrepancy when the water level at the dam site is reduced to the minimum level. This
difference may be attributed to the position of the Jason-2/3 ground tracks located upstream of the Tehri
Dam (Figure 1la, dashed sky blue line). When the water level decreases to ~760 m (i.e., the minimum
water level measured by radar altimetry; green contour in Figure S11), the corresponding along-track
lake width is only ~300 m. This is close to the sampling interval of Jason-2/3 altimetry (i.e., ~330 m,
Kuo & Kao, 2011). With the continuing decrease of water level to ~740 m (i.e., the minimum water
level measured by the in-situ gauge; red contour in Figure S11), the width decreases to ~170 m which
is far less than the resolution of radar altimetry. Consequently, the radar altimetry measurement likely
involves reflections from the changing topography and other noise when the target surface is reduced
to less than the minimum resolution (Gao et al., 2019; Sima & Tajrishy, 2013). Therefore, the altimetry
measurement overestimated the water level during lowstand periods, and we relied on the gauge data for
our load modeling.

4.2. Seasonal Horizontal and Vertical Deformation at KUNR

The seasonal surface deformation fluctuations with respect to the water history are especially clear in the
vertical component of the GPS time series at KUNR. The vertical movement at KUNR shows a strong neg-
ative correlation of ~—0.9 with the water-level measurements, suggesting that these two observations are
directly coupled (Figures 2d and S12).
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Figure 5. Comparison of Global Positioning System (GPS) (KUNR-KHIR) and interferometric synthetic aperture radar (InSAR) observations (both in the LOS
direction) at KUNR site with water level changes from Central Water Commission of India and United States Department of Agriculture at the dam site. The
red solid line represents the curve fit to the GPS observations at KUNR (black dots) and its 95% confidence interval (gray shaded area). The dashed red line and
green shaded area represent the interpolated GPS observations during the data gap period from July 2016 to March 2017 using Broyden-Fletcher-Goldfarb-
Shanno curve fitting. Green circles with error bars represent the InSAR observations estimated from a 15 x 15-pixel window around KUNR. The measured water
level from (blue cross) radar altimetry and (cyan cross) in-situ gauge measurements are also shown.

The horizontal time series are more complex, as they have two peaks (east component) within a year
that are not directly related to the recorded water level changes (north component) (Figure 2). The east
component at KUNR station has two seasonal cycles. The larger peaks (with amplitude of ~1 cm) in the
winter season (October-February) are followed by smaller ones (with amplitude of ~0.6 cm) in the sum-
mer season (May-August) from 2013 to 2015 (Figure 2b). The observed horizontal movements suggest
a periodic variation with an azimuth of ~40° (i.e., northwestern to southeastern movements), where-
as the elastic model predictions are oriented at ~129° (Figure S13, i.e., northeastern to southwestern
movements).

4.3. Seasonal Ground Deformation From InSAR Data

The loading and unloading periods show a consistent spatio-temporal ground deformation pattern with the
LOS increase and decrease (dominated by the subsidence and uplift, respectively). The magnitude of the
surface deformations gradually decreases with the increasing distance from the lakeshore. The associated
ground deformation exhibits different behaviors in the following two aspects: (a) the crust in the loading
periods appears to produce a stronger response with respect to water-level variation. This leads to an up to
~6.6 cm subsidence compared to ~5.4 cm of uplift during the unloading periods. (b) The spatial coverage of
ground deformation during the loading period is wider than that in the unloading periods. The impacting
distance (deformation >3 mm) in the radial direction is ~16 km in the loading periods, whereas it is ~10 km
during the unloading periods.

4.4. Validation

To compare and validate the two independent observations, we projected the 3D GPS time series into
the LOS direction. We then simulated the mean seasonal displacement pattern (Figure 5, red dashed
curve) of the daily GPS data according to the other five years' observations to fill the gap in the GPS time
series between June 2016 and March 2017. We selected InSAR observations in a 15 x 15-pixel window
near KUNR. Although the InSAR time series showed a larger amplitude than the GPS time series, the
projected GPS data somewhat closely matched the InSAR observations, with a correlation of 0.72 and
RMS of 0.85 cm. In addition, the InSAR and GPS data showed a strong negative correlation between
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Figure 6. Interferometric synthetic aperture radar (InSAR) time series for four selected points. (a) The layout of selected locations (red and blue points located
~0.3 km from the lakeshore; green and yellow points ~4 km away). (b) Comparison between InSAR time series at the selected points from November 2015 to
October 2017 and gauge water-level measurements.

—0.84 and —0.83, respectively, with respect to the in-situ water-level measurements. The amplitude and
correlation between the temporal and spatial evolution of the surface deformation and mass change
decreased with distance from the reservoir (Figure 6). The near-field points (P2 and P3) showed an up
to 2 cm response to the water level change, and the negative correlation coefficient reached more than
—0.80. The distant points (P1 and P4) were less affected by the reservoir operation and showed an aver-
age correlation of 0.70.

4.5. Deformation Modeling

As discussed in Section 3.1, we modeled the elastic deformation with refined layer structures constrained
by the InSAR data (Figure 3). These geodetic models are classified as loading and unloading models (Ta-
ble S1) using the different InSAR deformation fields according to the loading and unloading periods,
respectively.

Surface deformation predictions from both loading and unloading models (Table S1), which are constrained
by InSAR data, match closely with the InSAR and GPS observations with misfits at ~0.86 and 0.14 cm, re-
spectively. As the crust features a nearly 1 cm additional deformation in the near field during the loading
periods (Figures 7 and 8), the inferred deformations from the loading and unloading models also captured
the corresponding difference (red and blue dashed lines in Figures 7d, 7h, 8d and 8h). Consequently, the in-
ferred elastic properties from the loading and unloading models substantially differed in the shallow layers.
The difference in the upper 1 km is 1.8 GPa per hundred meters and reached as high as 4.1 GPa per hundred
meters in the top 300 m (Figure 10b and Table S1). Therefore, we used the optimal Young's modulus in the
loading and unloading models separately to fit the InSAR time series data according to the water-level varia-
tions. Using this combined model (Table S1), the average fitting error of InSAR data on all time acquisitions
decreased from around 0.86-0.83 cm, and from 0.14 to 0.12 cm for GPS time series, respectively (Table S1).
Comparing the geodetic model predictions with those of the seismic model (Figure S8), we found that the
latter significantly underestimated the observed surface deformation during both the unloading and load-
ing periods (Figures 7 and ).

Although the elastic model fits the InSAR and the vertical component GPS data closely (Figures 9c and 9e),
it cannot match the horizontal components of GPS time series. The GPS time series in the east direction
shows a bi-annual variation with a secondary peak from May to August, followed by a primary peak from
October to February. There is an average delay of 65 days between the peak in the prediction from the
preferred elastic loading model and the winter peak in the GPS observations (Figure 9b). Similar to the
instantaneous elastic rebound, the added contribution of poroelastic rebounds from different hydraulic dif-
fusivities (0.1-5 m?/s) are relatively small (<0.3 cm, Figure 9c) and does not change the periodicity of simu-
lated elastic deformations. However, in the eastern direction, the pore pressure effects are not superimposed
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Figure 7. Interferometric synthetic aperture radar (InSAR) unloading observations in comparisons with different model predictions. The first column (a and
e): InSAR deformation maps (same as Figures 3c and 3i); Second column (b and f): predictions of the preferred layered elastic model; Third column (c and g):
residuals between observations and model estimates; Fourth column (d and h): observed (black) displacements and 1-sigma confidence intervals (gray shading)
corresponding to the preferred unloading model (red), loading model (blue), and seismic velocity model (green, see supplementary material) along profiles
A;-A,. The topography is plotted at the bottom. The observation periods and water-level change values are indicated in panels (a and e).

by the elastic rebounds and show a substantially delayed signal. The average of the maximum delayed
periods between the main peak of the poroelastic model and elastic model is ~37 days with a hydraulic
diffusivity of 1 m*/s (Figures 9d and 9f: enlarged views in 2014).
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Figure 8. Similar to Figure 7 but for the loading periods of May-September 2016 and June-October 2017. Fourth columns (d and h): red, blue, and green
curves represent the preferred model (loading), corresponding unloading model, and seismic velocity model, respectively.
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Figure 9. Global Positioning System derived seasonal time series compared with model predictions: (a and b) preferred elastic model (combined models, note
that the purple lines represent the model being manually moved by 65 days), and (c and d) poroelastic models considering contributions from the pore pressure
effect and elastic deformation, respectively. The hydraulic diffusivities are set from 0.1 to 5 m?/s in 0-500 m (the zoom-in inset denotes the period from 2014.2 to

2015.1).

5. Discussion

An accurate estimation of elastic parameters is important to understand the rock properties in the crust,
which are often difficult to determine from in-situ observations (see supplementary materials for the defor-
mation modeling using seismic data). The existing regional (Gupta et al., 2012) and global seismological
models (CRUST 1.0, Laske et al., 2013) represent the first-order elastic structure; however, the coarse reso-
lution in the shallow crust is not suitable for modeling elastic deformation driven by smaller-scale surface
loads. Geodetic observations offer an alternative method to estimate the elastic structure of the upper crust
and to examine evidence of inelastic processes in the Earth's response to surface loads. In this section,
we first discuss the elasticity parameters inferred from InSAR and reference them to the regional seismic
results. We then attempt to explain the different deformation patterns during the loading and unloading
periods. Finally, we discuss the possible causes of the delayed horizontal GPS time series with respect to
the water level.

5.1. Probing Young's Modulus Under Tehri Lake

The strong correlation between the water-level measurement, GPS vertical displacements, InSAR data
(Figures 2d and 5), and the layered elastic modeling results (Figures 7 and 8) show that the elastic crus-
tal rebound is responsible for the observed seasonal deformation near the Tehri reservoir. Considering
that the exposed rock types near Tehri Lake are phyllite, quartzite, and limestone (Figure 1b; Kumar
& Anbalagan, 2016; Negi, 1998; Sharma & Prasad, 2018), the inverted Young's moduli in the shallow
crust 0-2 km (7.7-44.2 GPa) are generally comparable to the range of values derived from laboratory
experiments, for example, for phyllite the derived estimates are 8.6-17.3 GPa, for quartzite the derived
estimates are 36.5-88.3 GPa, while for limestone they are 4.5-89.6 GPa (Zhang, 2017). In addition, our
estimation of static Young's modulus at 2-15 km depths from the InSAR time series are close to those
derived from the inversion of P- and S- seismic phase data (Gupta et al., 2012, green lines in Figure 10).
The 5% difference between the static Young's modulus (i.e., measured from geodetic data) and dynamic
Young's modulus (i.e., measured from seismic wave) match closely with that derived in a laboratory set-
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ting (again a 5%-10% variation) (Ciccotti & Mulargia, 2004; Davarpanah et al., 2020; Eissa & Kazi, 1988).
However, the static Young's modulus is significantly lower in the upper 2 km of the crust because of the
following reasons.

1. The presence of cracks and increase in porosity under lower confining pressure in the shallow crust
leads to a decrease in the static Young's modulus. Three different laboratory samples: basalt, granite, and
tuff, showed a reduction in Ey/E, (the ratio of static and dynamic elasticity) from 0.90 to 0.65, and 0.75 to
0.30, respectively with a rapid decline in the confining pressure (from hundreds of MPa to tens of MPa)
(Adelinet et al., 2011; Cheng & Johnston, 1981). Other geodetic-based inversions from Siling Co Lake,
Yangzhuoyong Lake, and Nyiragongo Volcano also reported depth-dependent variations of up to ~75%
in the upper crust (Doin et al., 2015; Wauthier et al., 2012; Zhao et al., 2016). Therefore, the reduced val-
ue of the obtained Young's modulus in the shallow layers of our model is partly attributed to the presence
of cracks and porosity under lower confining pressure.

2. Another possibility is that the micro-crustal structures beneath the Tehri reservoir might have changed
because of the repeated lake loading and unloading cycles and associated fluid flow. The existing labo-
ratory experiments show that the rock’s effective Young's modulus will be decreased by 44.60% on sedi-
mentary and metamorphic rocks and 33.57% on altered granite after several drained and undrained cy-
cles (Qin et al., 2019; Yang et al., 2018). Therefore, the irreversible decrease in the rock's elastic property
caused by the reservoir filling/emptying operation might have contributed to the lower effective Young's
modulus in the nearby shallow crust.

5.2. Discrepancy of Deformation Transients Between Un/Loading Cycles

The ground deformation maps in the loading periods show an unexpected stronger crustal response with
respect to the water-level change (loading periods: 0.80 mm/m; unloading periods: 0.68 mm/m). This leads
to a lower estimation of Young's modulus in the loading periods than in the unloading periods.

As our elastic model is dependent on the reservoir water loading, we further quantified the thermal expan-
sion effects in loading/unloading cycles to exclude the potential perturbation due to the seasonal temper-
ature variations (See Supporting Informaion S1 and Figure S14 for more details; Tanaka et al., 2001; Wahr
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et al., 2014). The resultant slight mass difference (i.e., less than 1%) indicates that the different deformation
patterns are not originated from steric errors.

Rock materials commonly exhibit a lower Young's modulus under reduced compressive stress at the same
depth of the crust because of the large number of cracks at shallow depths (Jaeger et al., 2009). According
to laboratory experiments, the reduction in Young's modulus under tensile stress will range from 10% to
50% (Jaeger et al., 2009; Peltzer et al., 1999). One possible explanation for this unexpected difference is that
the water-rock interactions, which weaken the rock’s strength, thus playing a definitive role in the shallow
crust (Eeckhout, 1976; Zhao, Yang, et al., 2017). Laboratory experiments using different rock samples near
other reservoirs (argillite and sandstone from Xu et al., 2008; phyllite from Zhao, Xie, et al., 2017) suggest
a reduction in Young's modulus ranging from 28% to 55% during the conversion from unsaturated to sat-
urated conditions. The development of fractures and joints in the rock may decrease the elastic modulus
compared to intact rock samples with a decrease ranging between ~10%-70% depending on fracture den-
sity (Davy et al., 2018). Therefore, the decrease in Young's modulus at shallow depth beneath the reservoir
during the loading periods may be a product of the combined effect of the non-linear elastic properties (i.e.,
increasing Young's modulus due to the decrease of cracks under a more compressional condition) and the
water-rock interaction (i.e., decreasing Young's modulus due to the water weakening effects). Because the
difference in loading and unloading periods decays rapidly below 300 m depth, we argue that the impact
of water-rock interactions may be concentrated in the upper hundreds of meters under the Tehri reservoir.

5.3. Possible Causes of the Delay in the Peak Eastward Displacement

We found an average delay of 65 days between the peak in eastward motion at GPS station KUNR and the
peak water load and vertical displacement. The poroelastic model driving by the fluctuations of reservoir
suggests a clear tradeoff between the hydraulic diffusivity and the predicted motion in the east component
of the GPS time series (Figure 9d). This is consistent with the time-dependent nature of pore pressure
diffusion from fluid flow within the rock, which has a pronounced effect in the near field with a higher dif-
fusion speed. The high-speed transport of fluid quickly dissipates the pore pressure effect according to the
diffusion law. The slower diffusion speed causes a larger temporal delay but smaller deformation (Figure 9d,
magenta line). The tradeoff between the pore pressure effect and delayed periodicity limits the average
maximum deformation delay to ~34-37 days when the hydraulic diffusivity varies between 1 and 2.5 m*/s.
Therefore, we argue that the surface deformation from the pore pressure diffusion caused by the surface
loading changes can only partially explain the main-peak delay in the east component of GPS.

Since our poroelastic model only takes the pore pressure diffusion process controlled by the reservoir load-
ing into account, we suggest that the pore pressure changes in the local aquifer system from the season-
al surface water (i.e., precipitation and snow melting) and the discharge/recharge of the reservoir may
contribute to the abnormal horizontal deformation. Surface water infiltrating into the groundwater by the
seasonal run-off and reservoir level contributes to fluctuations of the shallow groundwater level (Oestre-
icher, 2018). The exposed fractured Chandpur formation near the Tehri Lake may facilitate the water flow
through open fissures in the saturated and vadose zones (Sharma & Prasad, 2018). This, in turn, would lead
to additional seasonal subsurface pore pressure changes and may cause further rock volume expansions and
contractions. In other highly fractured aquifer systems, the shallow groundwater changes have been found
to be responsible for altering the transient deformation patterns at millimeter to centimeter levels, especial-
ly in the horizontal component (e.g., Devoti et al., 2015; Oestreicher, 2018; Silverii et al., 2016, 2020). How-
ever, at the current stage, it is difficult for us to validate physical mechanisms for the abnormal horizontal
deformation patterns possibly caused by the localized aquifer or deduce the hydraulic properties due to the
lack of regional well data (groundwater level and piezometric data), regional surface run-off, and limited
knowledge of local aquifer information (boundary and stratigraphic information).

6. Conclusions

We used space geodetic data and reservoir water-level data to analyze the seasonal ground deformation
caused by the Tehri reservoir operation in the Garhwal Himalaya area from 2012 to 2017. Consistent results
from different observations and their simulations using a layered elastic Earth model reveal that the Tehri
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reservoir modulates the surrounding crustal deformation elastically. We found a different spatio-temporal
distribution of crustal response in the loading/unloading periods, which was primarily caused by rock-wa-
ter interactions in the upper 300 m of the crust. The delayed behavior in the east component of the GPS time
series at the KUNR site can be partly explained by the pore pressure effect driven by the reservoir loading
variations. In addition to direct pore pressure effect, the abnormal horizontal transients in the GPS time
series may also be related to groundwater changes in the regional aquifer from the reservoir operation and
seasonal surface run-off. We suggest that future in-situ observations for the local aquifer system and region-
al surface run-off measurements can help to decipher the physical mechanism in the abnormal transients
in the horizontal component. The reservoir loading-induced deformation can help shed new light on the
crustal dynamics and the Earth's structure.
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