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We use Envisat 2003-2010 InSAR imagery over Yangzhuoyong Lake in southeastern Tibet to study the
elastic response of the Earth’s crust to variations in lake level. The net lake level drop during our study
period is ~3 m with seasonal variations of more than 1 m. The time-series close to the lake center
shows a high correlation with the lake level history. Near the lake center the unit response with respect
to lake level change is 2.5 mm/m in radar line-of-sight direction, or ~2.7 mm/yr in vertical direction,
corresponding to a vertical response of ~4.3 mm/Gt load change. We show that the observations are
most sensitive to the elastic properties of the crust in the 5-15 km depth range and explain them with a
layered elastic half-space model with a Young’s modulus of 50 £9 GPa Young's modulus in the top 15 km
of the crust and using moduli inferred from seismology at greater depth. The inferred Young’s modulus is
~25% smaller than the seismic modulus, which we attribute to damaged rock and the presence of fluids.
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1. Introduction

Observations of the instantaneous response of the Earth to mass
changes along the surface, such as the retreating and growing of
ice sheets (Grapenthin et al., 2006; Bevis et al., 2012; Auriac et al.,
2014; Zhao et al., 2014), lakes (Bevis et al., 2004; Cavalie et al.,
2007; Nof et al., 2012; Wahr et al., 2013; Doin et al., 2015), rivers
(Bevis et al., 2005), ocean tide loading (Ito and Simons, 2011) and
loading by variations of terrestrial water storage (van Dam et al.,
2007; Steckler et al., 2010; Fu and Freymueller, 2012; Chanard et
al., 2014) and snow (Heki, 2001), provide an opportunity to better
constrain the elastic structure within the Earth’s lithosphere and
mantle.

Most geodynamic studies infer the elastic structure from seis-
mic wave speed measurements. This is a valid approach at the
confining pressures in the lower crust and mantle but not always
at the lower pressures in the uppermost crust. In the presence of
fluid-filled pores and cracks the moduli depend on strain ampli-
tude and frequency (Fjaer et al., 2008, chapter 5; Adelinet et al.,
2010).
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The upper crustal elastic moduli are required for the inter-
pretation of surface displacement observations in terms of many
geophysical processes including for fault slip distributions of earth-
quakes and their induced stress changes, the overpressure in vol-
canic magma reservoirs (e.g. Fukushima et al., 2005; Grapenthin et
al., 2010; Grosfils et al., 2013; Heap et al., 2014), and to isolate in-
ternal from surface forcings (e.g. Amos et al., 2014; Chamoli et al.,
2014; Odbert et al., 2015). The effect of variations of the elastic
properties for surface loading problems has been discussed by Dill
et al. (2015).

In this study we probe the Young’s modulus of the Tibetan crust
using InSAR observations of the crustal response to lake loading.
The volumes of the lakes on the Tibetan plateau are changing be-
cause of the changing climate (Liao et al., 2013). Most lakes are
growing because of increased glacier melting and increased pre-
cipitation, but some lakes are receding.

2. Background

Yangzhuoyong Lake, also referred to as Yamzho Yumco, is an
endorheic lake (Zhang et al., 2013) at 4440 m elevation with a sur-
face area of ~643 km? (east-west 130 km, north-south 70 km) an
average water depth of 30-40 m (maximum depth of 59 m), drain-
ing a ~6100 km? basin (Chu et al., 2012a, 2012b). The topography
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Fig. 1. a) Topographic relief of the study area around Yangzhuoyong Lake. Black tri-
angle: Baidi water level gauge; purple rectangle: SAR coverage (track 405, frame
3015); gray shadings: lakes. b) 2003-2010 InSAR LOS displacement map. Solid
square: reference point; dashed rectangle: area of Fig. 3; small rectangle north of
lake: area for the estimation of uncertainty of the time-series.

varies from 3500 m to 5000 m north of the lake to up to 7000 m
south of the lake (Fig. 1a). The crustal thickness is about 70 km
close to the Yalu Zangbu river, and gradually decreases to 40 km
towards the south (Institute of Geology and Geophysics, 1981). The
major tectonic structures in the area are the Yalu Zangbu fault zone
and Yadong-Gulu rift. A 2008 M,, 6.3 normal faulting earthquake
is evidence for active extension across this rift (Sun et al., 2011).
Optical remote sensing shows that Yangzhuoyong Lake re-
treated by ~80 km? between 1970 and 2010 (Li et al, 2014).
A lake level gauge (Chu et al, 2012a, 2012b) at Baidi (Fig. 1a)
recorded a water level decline of about 5 m since 1970 [see Fig-
ure S1 in the supporting information], of which 3 m occurred
during the 2003-2010 observation period of this study (gray line
in Fig. 2a). The low stands of the lake occur between May and July
and the high stands between September and November of each
year. Satellite laser altimetry data also show a drop in lake level
(Zhang et al., 2011). The lake level decline appears to correlate
with increases in air temperature and potential evaporation, sug-
gesting that these are the drivers for lake retreat (Liao et al., 2013).

3. InSAR analysis

Our analysis is based on 27 Envisat ASAR images acquired be-
tween December 2003 and September 2010. We discard one SAR
acquisition (Nov. 02, 2004) because of strong atmospheric de-
lays. Using spatial and temporal baseline thresholds of 450 m and
4 yr, respectively, we are left with a network of 92 interferograms
connecting 20 acquisitions (see Figure S2 in the supporting infor-
mation).

For data processing we use an approach based on the ROI_PAC
software adapted for regions with strong topographic relief (Doin
et al,, 2011; Grandin et al., 2012). The imagery is coregistered us-
ing orbital information and offset fields. The topographic phase is
removed using a 3 arc-second SRTM digital elevation model, in-
terpolated to 1 arc-second spacing. Then take 2 looks in range
and 10 looks in azimuth direction to obtain ~40 x 40 m? ground
pixel. Next, we remove contributions from topography-correlated
tropospheric delays and localized DEM errors from the wrapped
interferograms to aid phase-unwrapping. The first is estimated us-
ing a second-order polynomial with respect to elevation (Cavalie et
al., 2007; Nof et al., 2012, see Figure S3a, b in the supporting in-
formation for an example). The second is estimated from a set of
interferograms using the method of Ducret et al. (2014) (see Fig-
ure S3c, d in the supporting information). For this processing step
we use all available SAR acquisitions, including interferograms with
baselines larger than 450 m. Next, we take additional looks to ob-
tain ~80 x 80 m? pixels, apply an adaptive filter, and unwrap the
phase. We retain only pixels with a spatial coherence larger than
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Fig. 2. a) LOS displacement time-series relative to the first acquisition for point P
(red dots, see location in Fig. 1b together with the monthly lake level at the Baidi
gauge relative to December 2003, the month of the first SAR acquisition (gray line,
negative numbers correspond to lake level decrease). Error bars: standard deviation
of LOS displacement at each epoch for the non-deforming area northwest of the
lake (rectangle in Fig. 1). b) LOS displacement as a function of lake level change
(red dots). The slope (gray line) is the LOS displacement with respect to unit lake
level change (d’, unit mm/m). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

0.2 in 60 percent of the interferograms (e.g. Baker and Amelung,
2012). We reduce phase unwrapping errors of isolated areas using
the nearest-neighbor interpolation method of Shanker and Zebker
(2009). We then add the tropospheric phase contributions back
to the unwrapped phase. This approach of temporarily removing
topography-correlated phase contributions, combined with the lo-
calized DEM correction, improves the phase unwrapping because it
reduces the spatial standard deviation of the wrapped phase, en-
suring that multi-looking and filtering increases the SNR without
blurring the signal.

We then use the small baselines (SB) InSAR time-series ap-
proach to obtain pixel wise displacement histories (Berardino et
al., 2002). Finally, in the time domain we remove the topography-
correlated phase due to tropospheric layering from the unwrapped
phase using a second-order polynomial, and correct for topo-
graphic residuals using the approach of Fattahi and Amelung
(2013). We validated the results using atmospheric corrections
based on MERIS observations and the ERA-Interim atmospheric
model (see Figure S7 in the supporting information).

4. Results

The ground displacement field in radar line-of-sight (LOS) di-
rection shows a bulge of up to 9 mm LOS displacement near the
lake (red colors, Fig. 1b), corresponding to ~10 mm of uplift as-
suming that displacement is vertical (with a radar incidence angle
on the ground of ~23° Envisat’s I2 beam is most sensitive to ver-
tical deformation). To the north of the lake where the topographic
relief is up to 2500 m, LOS variations likely represent residual tro-
pospheric delays.

A displacement time series for a point near the lake center
(Fig. 2a) shows the correlation between ground displacement and
lake level (gray line) (Fig. 2a). Seasonal drops in lake level (neg-
ative lake level changes) coincide with LOS decreases (uplift) and
seasonal rises in lake level (positive lake level changes) coincide
with LOS increases (subsidence). The correlation between the sign-
reversed lake level and displacement is 0.9.

The LOS displacement uij, at pixel j and epoch i, relates to the
lake level, I;, by uij =dJ x I; with d the LOS displacement with
respect to unit lake level change or unit response of the system at
pixel j (in mm/m or 10~3). Both u,.j and [; are relative to the first
SAR acquisition. The least squares solution for d’ is given by

[/ /] = (676)'¢Tw ()
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with w = (uj,u},...,u})7, ¢/ the constant for least square fitting,
and G=[(1,12,...,ImT, (1,1,..., DT]. An example for dJ at point
P is given in Fig. 2b. The maximum LOS displacement with respect
to unit lake level change is 2.5 mm/m close to the lake center,
corresponding to 2.7 mm/yr vertical displacement.

5. Modeling

We use layered elastic half-space models (Cavalie et al., 2007)
to simulate the observed rebound in LOS direction and geophysi-
cal inverse methods to estimate Young’s modulus in the crust. We
use a Poisson’s ratio of 0.25 as it cannot be constrained by the
dominantly vertical displacements in response to surface loading
because of the trade-off with Young’s modulus (see Green’s func-
tions e.g. in Zhao et al., 2014).

Our data are the LOS displacements with respect to unit lake
level change (unit mm/m, see Fig. 2b), calculated for each pixel
from the LOS displacement history (Fig. 3a). We use a quadtree de-
composition (Sudhaus and Jonsson, 2009) to downsample the data
with quadrants selected according to the expected signal (using
the layered model with Young’s modulus of 40 GPa, quadrant size
1.44 km to 11.52 km, threshold for subdividing of 0.08 mm/m, 315
data blocks; half and doubled Young’s modulus give nearly iden-
tical sampling). We found that this sampling provided reasonable
sensitivity to model variations in both the near and far fields. To
find the best-fitting models we minimize the root mean square er-
ror (RMSE), defined as:

RMSE=/(d — p)TE~1(d - p)/M (2)

where d is the observed and p the modeled LOS displacement per
unit lake level change. d and p are M x 1 vectors with M being
the number of data blocks after quad-tree decomposition, and X
is the M x M variance-covariance matrix used as a weighting ma-
trix, calculated from the sample semi-variogram and covariogram
(Sudhaus and Jonsson, 2009) (see Figure S4 in the supporting in-
formation for the data weights).

We estimate Young’s modulus for the top layer (from the sur-
face to 15 km depth) using a grid search varying the modulus
between 30 GPa and 150 GPa at 5 GPa steps. At depth larger
than 15 km we use the elastic parameters from seismic wave
speed measurements 300 km further north of Yin et al. (1990) and
Mechie et al. (2004) instead of a global model (Fig. 4a, b, see Sup-
plementary Material Table S1 in the supporting information); the
latter are from 300 km further north. The best fit is found for a
modulus of 50 &9 GPa in the top layer (Fig. 3) with the stan-
dard error obtained from 1000 bootstrap samplings. The RMSE is
0.57 mm/m. The model predictions agree with the observations
west and south of the lake but are lower than observed northeast
of the lake (Fig. 4c). A model with the seismic moduli (56 GPa
from 0-5 km and 71 GPa from 5-15 km, Supplementary Material
Table S1) under-predicts the uplift at the center of the lake (see
Figure S5a, c¢ in the supplementary material). A west-east profile
across the lake (AA’ in Fig. 4) shows that the best-fitting model
is associated with higher displacement gradients than the seismic
model because of the lower Young’s modulus in the top layer.

For completeness we also employed a halfspace model and
found a Young’s modulus of 81 4+ 12 GPa by linear inversion (see
Figure S5b in the supporting information).

6. Discussion

InSAR recorded up to ~9 mm ground displacement towards the
radar in the vicinity of Yangzhuoyong Lake during 2003-2010. The
lake level dropped by more than 3 m during this time period, sug-
gesting that we see rebound caused by the partial removal of the
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Fig. 3. a) Observed LOS displacement with respect to unit load, b) prediction from
the best-fitting layered model (top layer Young’s modulus of 50 GPa), c) differences
between observations and model predictions, d) profile along AA" averaged over a
width of 1.8 km (dark blue; light blue shows the upper and lower bounds; together
with the predictions from the best-fitting model (red line) and the seismic model
(dashed green line). Gray shading: topographic elevation along the profile. For pro-
file BB’ see Figure S6 in the supporting information. The colored crosses in b) show
the points of Fig. 4. The triangle, circle and square in c) denote the geometric mass
center of the load at current lake level and for 100 and 200 m higher lake level,
respectively.

water load. Near the lake center, the response obtained from lin-
ear regression is 2.5 mm/m LOS displacements with respect to unit
lake level change.

6.1. Depth sensitivity

To constrain the depth range of the crust sampled by the
lake load we conduct a depth sensitivity test following Doin et
al. (2015). We divide the crust into a series of 5 km thick sub-
layers. Starting from the preferred model we reduce the Young's
modulus in each sub-layer by a factor of 2 and compare the sur-
face displacement with that from the preferred model as a func-
tion of distance from the load’s gravity center. Fig. 4c shows that
the reduction in the elasticity parameters in the 5-10 km and
10-15 km sublayers causes the largest increases in surface dis-
placement (0.1-0.3 mm/m at 6-24 km distance with the largest
increase of more than 0.3 mm/m at 6 km distance). Changes in
the elasticity parameters in the sublayers below 40 km depth have
little effect (<0.07 mm/m). This shows that in most parts of the
study area the surface response is most sensitive to the 5-15 km
depth range. This validates our approach of considering a 15 km-
thick top layer.

6.2. Assumptions

We have considered a perfectly elastic model, neglecting possi-
ble viscous effects due to load changes prior to the period of our
study, which can be important in lake loading studies (e.g. Cavalie
et al., 2007; Doin et al, 2015). Several seismic studies have re-
solved a high conductivity zone in the Tibetan crust (Brown et al.,
1996; Nelson et al,, 1996). Brown et al. (1996) interpret it is due
to partial melt, and Ryder et al. (2007) and Doin et al. (2015) fur-
ther use it as the evidence of low viscosity in the middle crust. At
Yangzhuoyong Lake the current period of lake level drop started
only in late 2004. Before that, the lake level first dropped by ~4 m
(between 1980 and 1996) and then rose by ~3 m (Figure S1). This
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preferred model at the four locations.

suggests that the viscous effects from these two periods largely
compensate each other, justifying the elastic treatment.

We did not consider any changes in underground water content
co-occurring with lake level changes because this additional load
is small and because the effect on surface deformation would be
partly compensated for by poro-elastic deformation.

6.3. Data fit

Our best-fitting models underpredict the displacement response
in the area northeast of the lake by 0.5-1 mm/m. We offer two
possible explanations for this discrepancy. In one explanation this
area is rebounding because of the visco-elastic response from past
unloading (the lake level history before 1970 has not been doc-
umented). Given the topographic relief, for a 100 and 200 m
higher lake level the lake’s past center of gravity would be located
12-20 km to the east of the current center of gravity (Fig. 3c).
Another explanation is that the upper crust in this area is weaker
resulting in more rebound. Seismic reflection studies identified rel-
atively low shallow wave speed velocities (5.2 km/s) (Yin et al,,
1990) and partial melt in the middle crust (at 25 km depth) in
this area (Brown et al., 1996) but the three-dimensional structure
has not been resolved.

6.4. Tropospheric delays

We used a data analysis approach that included the empirical
estimation and removal of the topography-correlated phase assum-
ing the phase was caused by atmospheric delays, which could lead
to a bias. We also analyzed the data using (i) the cloud free acqui-
sitions and atmospheric delay correction with the MEdium Resolu-
tion Imaging Spectrometer (MERIS) observation (Li et al., 2006) and
(ii) all acquisitions with atmospheric corrections using the ERA-
Interim global atmospheric model (Jolivet et al., 2014). The LOS
displacement fields are more noisy but both cases show a sig-
nal in the vicinity of the lake (see Figure S7 in the supporting
information), making us confident that the signal represents real
deformation.

6.5. Comparison with other surface loading problems

For comparison with other loading problems it is useful to ex-
press ground displacement in response to mass change. The re-
sponse next to the lake center corresponds to ~4.3 mm/Gt of load
change (for a surface area of 621 km?, 1.61 m of level change cor-
responds to 1 Gt mass change). Wahr et al. (2013) reported GPS
displacements due to 10 m lake level decrease of Lake Shasta in
California (surface area of 120 km?), corresponding to a response

pref

quy 1S the surface LOS displacement of the

of ~4 mm/Gt, very similar to our observations. However, Bevis et
al. (2004) reported a response of 7.4 mm/Gt for the smaller Lago
Laja in Chile (surface area 95 km?). Variations in the magnitude
of the response reflect variations in the elastic properties of the
rocks, in the load size, and in the distance to the load’s center.

6.6. Comparison with seismic moduli

We have found a Young’s modulus of 50 + 9 GPa for the upper
crust, given a Poisson’s ratio of 0.25 (see Supplementary Material
Table S1). The Young’s modulus is ~25% lower than the averaged
modulus of the regional seismic model of 68 GPa (see Supplemen-
tary Material Table S1). A Young’s modulus smaller than the seis-
mic modulus is consistent with laboratory measurements which
in undrained conditions yield smaller static than dynamic mod-
uli. The static moduli are inferred from stress-strain curves (e.g.
Mashinsky, 2003), whereas the dynamic moduli are obtained from
seismic and acoustic velocities and from density measurements
(Vidal et al., 2002; Adelinet et al., 2010). In contrast, in dry con-
ditions the moduli don’t show frequency dispersion (Ciccotti and
Mulargia, 2004).

Most studies consider moduli lower than the seismic moduli
just in the uppermost crust (Wauthier et al, 2012; Doin et al,,
2015). Our investigation suggests that fluid-filled cracks can affect
Young’s modulus to a depth of ~15 km. Lower-than-expected elas-
tic stiffness was also found for Lago Laja (Bevis et al., 2004).

7. Conclusion

We have documented a total of 9 mm of ground surface dis-
placement towards the satellite in the vicinity of Yangzhuoyong
Lake between 2003 and 2010. We attribute this signal to crustal
rebound due to lake level changes of more than ~3 m during this
time period. Assuming that underground water content changes
do not contribute to the load, we explain the signal as the elas-
tic response of a layered half-space with a Young’s modulus of
50 £ 9 GPa in the top layer (thickness of 15 km), which is ~25%
less than the seismic modulus. The lake load is most sensitive
to the elastic properties at 5-15 km depth range, suggesting that
fluid-filled cracks in this depth range can affect Young’s modulus.
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Appendix A. Supplementary material

Supplementary material related to this article can be found on-
line at http://dx.doi.org/10.1016/j.epsl.2016.05.044.
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