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Abstract: The construction of large-scale hydropower stations could solve the problem of China’s
power and energy shortages. However, the construction of hydropower stations requires reservoir
water storage. Artificially raising the water level by several tens of meters or even hundreds of
meters will undoubtedly change the hydrogeological conditions of an area, which will lead to surface
deformation near the reservoir. In this paper, we first used SBAS-InSAR technology to monitor
the surface deformation near the Xiluodu reservoir area for various data and analyzed the surface
deformation of the Xiluodu reservoir area from 2014 to 2019. By using the 12 ALOS2 ascending data,
the 100 Sentinel-1 ascending data, and the 97 Sentinel-1 descending data, the horizontal and vertical
deformations of the Xiluodu reservoir area were obtained. We found that the Xiluodu reservoir
area is mainly deformed along the vertical shore, with a maximum deformation rate of 250 mm/a,
accompanied by vertical deformation, and the maximum deformation rate is 60 mm/a. Furthermore,
by analyzing the relationship between the horizontal deformation sequence, the vertical deformation
sequence, and the impoundment, we found the following: (1) Since the commencement of Xiluodu
water storage, the vertical shore direction displacement has continued to increase, indicating that
the deformation caused by the water storage is not due to the elastic displacement caused by the
load, but by irreversible shaping displacement. According to its development trend, we speculate
that the vertical shore direction displacement will continue to increase until it eventually stabilizes;
(2) Vertical displacement increases rapidly in the initial stage of water storage; after two water-storage
cycles, absolute settlement begins to slow down in the vertical direction, but its deformation still
changes with the change in the storage period.

Keywords: SBAS; two-dimensional deformation sequence; water-level adjustment

1. Introduction

As a clean and recyclable resource, hydroelectricity is receiving increasing attention
from all countries [1]. Inevitably, the rapid development of China’s economy has led to
a huge demand for energy. Southwest China has abundant water resources for the con-
struction of hydropower stations, so it has obtained a reputation as the “Asian battery” [2].
However, the impounding of a reservoir changes the conditions of local hydrogeology and
the regional gravity field, resulting in ground deformation [3]. Furthermore, fluctuations in
water level accelerate the deformation, causing local geohazards. In 1961, a landslide with
a volume of about 165 × 104 m3 occurred in the Zixi Reservoir in Zishui, Hunan Province,
causing 40 deaths [4]. In 1963, a landslide occurred in the Vajont Reservoir in Italy; a huge
volume of landslide soil (about 270 × 106 m3) rushed into the reservoir, and the surge
caused 1925 deaths [5].
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The Three Gorges Dam is the largest hydropower station in the world. After the
water level of the Three Gorges Dam reached 175 m in 2008, the number of resurrection
landslides was tens of times the number from 1992 to 1995 [6]. In order to decrease such
geological disasters, scholars are paying more attention to the ground deformation around
hydropower stations.

Currently, the tools to monitor ground deformation include the spirit leveling
method [7], the Global Positioning System (GPS) [8], and optical remote sensing [9]. How-
ever, the spirit leveling and GPS methods are costly and a have low spatial resolution
for capturing the detail of a whole deformation pattern [10]. Optical remote sensing is
susceptible to the air conditions of clouds and rain.

Synthetic aperture radar interferometry (InSAR), a satellite-based geodetic technique,
can overcome the influence of cloud and rain on optical remote sensing and can work
both day and night, demonstrating advantages in ground-deformation monitoring [11].
InSAR has been used in the geohazard monitoring of landslides [12], earthquakes [13],
volcanos [14], and ground subsidence [15], among others. Additionally, in order to bypass
the effects of decorrelation [16] and atmospheric delay [17], scholars have proposed time-
series InSAR techniques, such as Persistent Scatterer InSAR (PS-InSAR) [18] and Short
Baseline Subset InSAR (SBAS-InSAR) [19]. The PS-InSAR or SBAS-InSAR techniques can
recover long-temporal time-series ground deformations with accuracy levels of mm to cm.
Recently, scholars have applied time-series InSAR to monitor the landslide at hydropower
stations, such as the Three Gorges Dam [10] and the Wudongde Hydropower Station [20].

The Xiluodu Hydropower Station is located upstream of the Jinsha River in China.
As the world’s third-largest hydropower station, the Xiluodu Hydropower Station has
experienced frequent landslides and other geohazards since its impoundment in 2013. In
2013, the Huangping landslide, with an inflow of earthworks amounting to 20 × 104 m3,
caused 12 deaths. The Ganhaizi landslide, with an influx of earthworks of 7800 × 104 m3,
was the largest landslide that occurred at the Xiluodu Hydropower Station [21]. LIANG
Guohe [22] and ZHOU Zhifang [23] used the leveling points and valley-shrink survey-
ing lines, respectively, to monitor subsidence and valley-shrink deformation around the
shoreside of the Xiluodu reservoir and the Xiluodu arch dam, and their results showed
that the Xiluodu arch dam and the shoreside of the reservoir were under valley-shrinkage
deformation of 50 mm, accompanied by about 25 mm subsidence. Additionally, ZHOU
Zhifang [23] pointed out that valley-shrinkage deformation is highly correlated with the
water level. In 2017, LI Lingjing [24] analyzed the Yizicun landslide with ALOS, ASAR,
and TerraSAR datasets and found that there was a push-type landslide before the water
impoundment and that the landslide changed to a pull-type after the water impoundment.

Currently, the research on the Xiluodu Hydropower Station has focused on valley-
shrinkage deformation of the shoreside and the arch dam and their subsidence. In 2019, Li
et al. [25] used D-InSAR technology to determine the vertical and horizontal displacement
of the landslide near the Xiluodu Hydropower Station and further analyzed its deformation
characteristics. In 2022, Zhu et al. [26] obtained the horizontal and vertical displacement of
the landslide of the Xiluodu Water Station by SBAS technology, using ALOS2 ascending
and descending data, and explained the cause of slope instability by combining geomorphic
data and lithologic characteristics.

However, these studies were mainly based on traditional measurements and could
not completely reflect the ground deformations occurring near Xiluodu. Although the
InSAR technique was used to monitor the Xiluodu reservoir area, it was limited to a
specific landslide. Furthermore, the hydrogeological conditions have changed after water
impoundment. Whether the change in the hydrogeological conditions will lead to wide-
range deformation in Yongshan and Leibo counties and change the relationship between
the water level and deformation, needs to be analyzed.
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2. Geological Setting
2.1. Geological Setting of Xiluodu

As the backbone project of “Power Transmission from West to East” in China, Xiluodu
is the largest hydropower station on the Jinsha River. The Xiluodu Hydropower Station
is located in the U-shaped river valley upstream of the Jinsha River. On its left side is
Leibo County of Sichuan Province, and on its right side is Yongshan County of Yunnan
Province. The construction of Xiluodu Hydropower Station started in April 2007, and
Xiluodu Hydropower Station carried out the first stage of water storage trial operation
in May 2013. In June 2014, Xiluodu Hydropower Station officially began operating, and
at the end of September, the water level of the reservoir reached 600 m for the first time.
The Xiluodu Hydropower Station is mainly designed to generate power, control floods, fix
sand, and navigation [27].

As shown in Figure 1, the reservoir area is located on the southwestern margin of the
Yangtze platform, which is the transitional zone between the Yunnan–Guizhou Plateau and
the Sichuan Basin. The terrain is generally high in the west and low in the east, belonging to
the strong erosion of the high-mountain landform [28]. The Xiluodu Hydropower Station
is located at the junction of the first and second steps of China. Rapid changes in the terrain
may easily cause geological disasters. Moreover, with the completion of the hydropower
station, significant fluctuations in water levels will significantly affect the fragile geological
environment.
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Figure 1. Topography profile of Western—Eastern China.

As shown in Figure 2, the Xiluodu area is surrounded by the yellow mud slope
anticline in the north, the wall rock syncline in the south, the Majinzi fault (F1) in the
west, and the Jiziba fault (F2) in the east, forming a relatively stable zone. However, a
thrust—nappe structure fault (named Majiahe, F3) is located 3 km from the dam area, and
the number of thrust outliers is influenced by the Majiahe fault. When the water level of the
Xiluodu reservoir increases, most of the thrust outliers are submerged, and subsequently,
the fault becomes unstable, affecting the safety of the dam area [29].

2.2. Impoundment of Xiluodu

As shown in Figure 3a, the water level reached its highest level of 600 m in October
2014 for the first time. The water level dropped to 590 m in March 2015. In June 2015, the
water level rapidly dropped to 540 m, and then a new round of water storage was started.
In July 2015, the water level rose to 555 m. In August 2015, the water level rose to 560 m. In
October 2015, it reached 600 m again. Since the water impoundment in October 2014, four
complete water impoundment cycles have been completed. Because the annual rainfall is
different, the water storage mode is adjusted accordingly.
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Figure 3. (a) Water level of Xiluodu reservoir; (b) distribution of aquifers (along the red line in
Figure 2) of Xiluodu after water impoundment. A is the river reservoir, B is the area of Yongshan
County. S is the Rammell aquifuge layer; P1 m is the limestone permeable bed layer; P2βn is the
Rammell aquifuge layer; P2β is the basalt permeable bed layer; P2x is the sandy shale layer; Q is the
Quaternary loose accumulation layer; the green arrow indicates the direction of water flow; the red
arrow indicates the direction of deformation along the Jinsha River valley. L1 is the water level before
constructing Xiluodu Hydropower Station, and L2 is the water level after its construction.

The distribution of the Xiluodu aquifers changed significantly after water impound-
ment. The geological setting mainly comprises three water-repellent layers (i.e., S, P2βn,
and P2x) and three water-permeable layers (i.e., P1 m, P2β, and Q) [23]; see Figure 3b. The
highest water level is 600 m, which is lower than the elevation of the sandy shale layer
(P2x). Therefore, only the P1 m and P2β permeable bed layers are directly connected with
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the reservoir water during the process of impoundment. The potential energy of Xiluodu
water increases with the water level. For the P1 m limestone permeable bed layers in
a pressurized state, the water permeates the P1 m layer through the exposed limestone
area, increasing the P1 m pressure potential energy. For the P2β basalt permeable bed
layers in a state of low pressure, the water will directly flow into the P2β layer through
the submerged basalt area (see the green arrow in Figure 3b), causing the P2β layer to be
saturated gradually.

When the water level rises to 600 m, the rising value of the water level (the difference
in L2 and L1) is about 220 m. It leads to an increase in the water’s potential energy. Due to
the existence of confining beds (Rammell layer P2βn), the groundwater pressure potential
energy under P2βn will generate an oblique upward pressure (see the solid red arrow
in Figure 3b), which will cause the uplift and horizontal displacement perpendicular to
the shoreline (see the red dash arrow in Figure 3b). Moreover, as the P2β layer becomes
increasingly saturated, the saturated soil will consolidate under the action of gravity,
causing vertical subsidence.

3. Methods
3.1. Theoretical Basis of Two-Dimensional Deformation Decomposition

The InSAR measures a one-dimensional deformation along the line of sight (LOS)
direction, and such measurements can lead to misinterpretation, as the true deformations
may consist of horizontal and vertical displacements [30]. As is known, the LOS deforma-
tion is the sum of projection results of horizontal (including north–south and east–west
components) and vertical displacement in the LOS direction. Given that there are three or
more LOS measurements from different viewing geometries, we can decompose the LOS
measurements into north–south, east–west, and vertical displacements by least-squares
adjustment [31]. However, for this specific study, we know that displacement along a
certain direction is zero or can be ignored based on certain assumptions. For the Xiluodu
Reservoir, which is a valley reservoir, the displacement along the direction parallel to the
shoreline can be ignored. Thus, the horizontal displacement in a direction perpendicular
to the shoreline and the displacement in a vertical direction are sufficient for interpreta-
tion. Moreover, due to the small number of viewing angles in the study area, it lacks any
redundant observation for us to check for errors if we decomposed the three-dimensional
deformations. Thus, we proposed an approach to decompose the InSAR measurements in
the LOS direction into two-dimensional displacements, i.e., the horizontal displacement in
a direction perpendicular to the shoreline and the vertical displacement.

The specific geometry for decomposing LOS deformation into two-dimensional dis-
placements is shown in Figure 4.

The LOS deformation measurement can be expressed as

dlos = ducosθ + dpcos(δ− ϕ)sinθ (1)

where δ is the azimuth angle of a predefined direction, i.e., the clockwise angle with respect
to the north direction; θ is the incident angle of the radar; ϕ is the heading angle of the
satellite; h and u are the horizontal deformation along predefined direction and vertical
deformation, respectively; and dlos is the InSAR measured deformation in the LOS direction.

Given that there are K (K >= 2) LOS measurements for some specific time periods,
there is a set of observation equations written in matrix form:

dlos1
dlos2

...
dlosK

 =


cos(δ− ϕ1)sinθ1 cosθ1
cos(δ− ϕ2)sinθ2 cosθ2

...
...

cos(δ− ϕK)sinθK cosθK

×
[

h
u

]
(2)

Ax = b (3)
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where A is the design matrix with a size of K× 2, x is the unknown parameter vector, and
b is the observation vector.

When solving Formula (3), because there are random errors in the interferogram, such
as noise and some unremoved clean atmospheric delay phase, a random model needs
to be added to constrain some of the errors. In this paper, interferogram coherence is
used for weighting; then, we can obtain the two-dimensional deformations by using the
least-squares adjustment method:

x = (AT PA)
−1

AT Pb (4)

where P is the weight matrix composed of interferogram coherence.
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3.2. InSAR Two-Dimensional Deformation Method

Recently, the decomposition of three-dimensional deformation sequences has been
developed. Samsonov and D’Oreye proposed the MSBAS method to decompose the time-
series East–West and vertical deformations [32] by ignoring the North–South deformations;
Pepe et al. proposed the minimum-acceleration (MinA) method, which is used to recover
three-dimensional (3D) time-series deformations [33]; Xuguo Shi et al. recovered three-
dimensional deformation sequences by using cubic spline interpolation [34]. However,
rather than obtaining the 3D deformations or the East–West and vertical deformations by
ignoring the North–South deformations, we obtained the vertical and horizontal deforma-
tion, called two-dimensional (2D) deformations hereinafter, along a specified direction in
reality, which benefits the interpretation.

As shown in Figure 5, given that we have three tracks of SAR data, that is, the Sentinel-
1 ascending and descending and ALOS2, covering the study area. The SAR datasets are
processed to obtain the time-series LOS deformations. The deformations are geocoded
into a geographic coordinate system and further resampled to a common geographic
grid. Assuming that the number of images of the three tracks SAR data is N1, N2, and
N3, and the acquisition times are T1 =

[
t(1)1 , t(1)2 , . . . , t(1)N1

]
, T2 =

[
t(2)1 , t(2)2 , . . . , t(2)N2

]
, and

T3 =
[
t(3)1 , t(3)2 , . . . , t(3)N3

]
, respectively.
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Figure 5. Time series of Sentinel-1 ascending and descending data, and ALOS2 ascending data.

Assuming that the acquisition times are unique for different pieces of SAR data, the
total number of images is N = N1 + N2 + N3. The times of all of the data acquisitions
are T = T1 ∪ T2 ∪ T3. The corresponding LOS time-series deformations sequence are
d1 =

[
d(1)1 , d(1)2 , . . . , d(1)N1

]
, d2 =

[
d(2)1 , d(2)2 , . . . , d(2)N2

]
, and d3 =

[
d(3)1 , d(3)2 , . . . , d(3)N3

]
; then, the

merged LOS time-series deformations are d = d1 ∪ d2 ∪ d3.
According to Equation (2), the LOS time-series deformations d can be written as a set of

equations with respect to the time-series 2-D deformations, and expressed in matrix form:

Gx = d (5)

where d =
[
d1 d2 · · · dN

]T is the observation vector, and the unknown parameters

vector x =
[
h1 u1 h2 u2 · · · hN uN

]T with a size of 2N× 1. The design matrix has
a size of N × 2N, and its form is as follows:

G =


A1

A2
A3

. . .
AN


where A1 =

[
cos(δ− ϕ(1))sinθ(1) cosθ(1)

]
, A2 =

[
cos(δ− ϕ(2))sinθ(2) cosθ(2)

]
, and

A3 =
[
cos(δ− ϕ(3))sinθ(3) cosθ(3)

]
. The superscript in the angles of ϕ and θ is dependent

on which subset of di it is from.
Obviously, Equation (5) is rank deficient as the number of equations is smaller than the

number of parameters to be estimated, i.e., N < 2N. To solve the problem of rank deficiency,
we add smoothing constraints to the parameters by assuming that the deformation rates of
adjacent displacements are equal, i.e.,

hi+2 − hi+1

ti+2 − ti+1
=

hi+1 − hi
ti+1 − ti

(6)

ui+2 − ui+1

ti+2 − ti+1
=

ui+1 − ui
ti+1 − ti

(7)

where i ∈ [1, N − 2]. Then, we obtain a set of equations with respect to unknown parame-
ters vector, and it is expressed by

Rx = 0 (8)
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where R is the roughness matrix with a size of (N − 2)× N, and

R =


t3 − t2 0 t1 − t3 0 t2 − t1 0 . . . . . . . . . . . . 0 0

0 t3 − t2 0 t1 − t3 0 t2 − t1 . . . . . . . . . . . . 0 0
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0 0 0 0 0 . . . tN − tN−1 0 tN−2 − tN 0 tN−1 − tN−2 0
0 0 0 0 0 . . . 0 tN − tN−1 0 tN−2 − tN 0 tN−1 − tN−2

.

Combining Equations (5) and (8), we solve the regularized least-squares problem [35]:

min

∥∥∥∥∥
[

G
αR

]
x−

[
d
0

]∥∥∥∥∥
2

2

(9)

The Tikhonov regularization solution is determined by

x = (GTG + α2RT R)
−1

GTd (10)

where α is the smoothing parameter and is unknown beforehand. We determine it by using
the L-curve method [35].

Figure 6 presents a flowchart of the proposed method.
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4. Data Processing and Results
4.1. SAR Data Used

In order to study surface deformation near the Xiluodu reservoir area, we used the
ascending and descending data of Sentinel-1 and the ascending data of ALOS2: from
October 2014 to March 2019, there was a total of 100 ascending Sentinel-1 data, and the
incident angle of the image center was 39.29◦. From October 2014 to April 2019, there
were 97 descending Sentinel-1 data, and the image center incident angle was 33.9◦. From
September 2014 to December 2018, there was a total of 12 pieces of ascending ALOS2 data,
and the image center incident angle was 31.4◦; the coverage area is shown in Figure 7. See
Table 1 for specific information. At the same time, we chose the Shuttle Radar Topography
Mission (SRTM) with a 30 m x 30 m resolution to remove the terrain phase.
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box represents the ALOS2 ascending data.

Table 1. Three kinds of data for SBAS interference pair information.

Data Orbit Type Track No. of Images No. of Int. Pairs Time Span

S1 A Ascending T128 100 197 October
2014–March 2019

S1 A Descending T62 97 191 October
2014–April 2019

ALOS2 Ascending T146 12 21
September

2014–December
2018

4.2. Data Processing

We first performed SBAS processing on each piece of data to obtain the deformation
sequence of Sentinel-1 data and ALOS2 data. In the data-processing phase, first, in order to
ensure the consistency of the three sets of data results, we performed 8 × 2 multi-look on
the Sentinel-1 data and 3 × 7 multi-look on the ALOS2 data, thus obtaining image results
of about 15 m resolution. Second, because the Sentinel-1 data and ALOS2 data orbital
control were accurate, the spatial baseline was short, so the influence of spatial decoherence
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was not considered. At the same time, in order to overcome the time decoherence, we
adopted the two-connected interference pairing method (as shown in Figure 8: 1 and 2
constitute the interference pair, 1 and 3 constitute the interference pair, 2 and 3 constitute
the interference pair, and so on), so that any scene image was in a triangular closed loop,
which overcame the time decoherence and could test for errors. Therefore, we obtained 21
interference pairs from the ALOS2 ascending data, 197 interference pairs from the Sentinel-1
ascending data obtained, and 191 interference pairs from the Sentinel-1 descending data.
Third, we used the SRTM data of 30 × 30 m resolution to obtain the DEM in the SAR
coordinate system by geocoding, thus obtaining the simulated terrain phase, and then
using the generated interferogram subtracts in the simulated interference phase to remove
the terrain phase. In order to eliminate the phase residual and improve the signal-to-noise
ratio of the interferogram, we used a ‘Goldstein’ filter on the differential interference
phase with a filter factor of 0.5 and a filter window size of 64. As the low-coherence
region could be affected by phase noise, we averaged the coherence coefficient map when
unwrapping and then ensured that the region with coherence below 0.52 did not participate
in the unwrapping, thus ensuring the reliability of the wrap. In the phase unwrapping
stage, we selected the unwrapping reference point in the stable region away from the city.
After unwrapping with the minimum cost flow, we refined the baseline of the distracted
differential interferogram, thereby effectively removing the track phase. Through the above
process, we obtained the exact differential interference phase after unwrapping and then
converted it into a settlement sequence result. Finally, we inversely geocoded the resulting
sedimentation results and resampled them to the same geographic coordinate range to
obtain the deformation sequence results for the three images at 15 m resolution.
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On this basis, using the algorithm described in Section 3.2, the deformation sequence
was decomposed to obtain the deformation sequence results in the vertical shore direction
and the vertical direction, and the deformation rate in the horizontal direction and the
vertical direction was calculated by using the two-dimensional deformation sequence. The
results are provided in Section 4.3.

4.3. Results
4.3.1. LOS Deformation

Figure 9 shows the average rate map of the Sentinel-1 data and ALOS2 data obtained
using the SBAS technique. The reference point was selected in the same stable area farther
from the deformation zone. For the Yongshan County area, the ALOS2 ascending data
LOS has a maximum average speed of −90 mm/a; the ascending Sentinel-1 data LOS
has a maximum average speed of −110 mm/a; and the descending Sentinel-1 data LOS
has a maximum average rate of 60 mm/a (positive values represent proximity to the
satellite and negative values represent the distance from the satellite). For the ALOS2
ascending data and the Sentinel-1 ascending data, the incident angles are 31.4◦ and 39.29◦,
respectively. The reasons for the different deformation rates may be as follows: (1) the data
incident angles are different, resulting in different observational geometry; (2) Xiluodu
horizontal shifts may occur in the reservoir area, resulting in different projections onto the
LOS backward direction. For the Sentinel-1 ascending data and the descending Sentinel-1
data, the deformation rate results are opposite, indicating that the horizontal displacement
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must occur in the Yongshan County area. Therefore, we needed to achieve this in order to
decompose and obtain horizontal displacement and vertical displacement.
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Figure 9. (a) Mean velocity map of ALOS2 ascending; (b) mean velocity map of Sentinel-1 ascending;
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4.3.2. Two-Dimensional Deformation Rate

We used the Section 3.2 formula to decompose the deformation sequence to obtain
the deformation sequence results in the horizontal direction and the vertical direction
and then obtained the mean velocity map perpendicular to the shore direction and the
vertical direction, as shown in Figure 10. As can be seen from Figure 10, the maximum
deformation rate is 250 mm/a perpendicular to the outward direction of the slope, and the
maximum deformation rate is 60 mm/a in the vertical downward direction. It can be seen
that the deformation of the Xiluodu reservoir area is mainly in the horizontal direction,
accompanied by vertical sedimentation, which is consistent with the previous results of
Zhou et al. [23]. Furthermore, we sought to determine the relationship between water
storage and horizontal and vertical directions by analyzing the deformation sequence.
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In order to more intuitively display the surface deformation of the Xiluodu reservoir
area, because the number of images was too large, we drew some horizontal and vertical
deformation sequence images, as shown in Figure 10. It can be seen from Figure 11 that,
since October 2014, the horizontal deformation of the Yongshan County area has been
accelerating, and the maximum deformation in April 2019 was about 1000 mm; at the same
time, the vertical direction deformation has also slowly increased, and by April 2019, the



Remote Sens. 2023, 15, 168 12 of 20

maximum deformation was about 200 mm. Since the reservoir was filled with water in 2014,
such a huge deformation occurred in the vicinity of the Xiluodu reservoir area. According
to previous studies, the reservoir impoundment may lead to instability of the reservoir
slope [36]. Therefore, we suspect that due to the huge water level after the impoundment,
the water level difference caused by the change threatens the Xiluodu surface, which could
lead to the deformation of the Earth’s surface.
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Figure 11. (a) Horizontal time-series deformation; (b) vertical time-series deformation.

4.3.3. Two-Dimensional Time Series

It can be seen from Figure 10 that the closer the bank is, the smaller the deformation
rate, and the farther away it is from the shore, the greater the deformation rate. At the same
time, the study area is obviously two distinct regions. In order to prevent the formation of
the trailing edge of the study area from creating a landslide and to prevent the formation
of a ground crack in the middle of the study area, we selected the section line AB, CD
perpendicular to the shore direction and the section line EF parallel to the shore for analysis.
Figure 12a–d are the deformation rate profile lines of the vertical shore, and Figure 12e,f are
the deformation rate profile lines of the parallel shore. (1) The AB section line reaches a
peak at 3.7 km from the shore, while the horizontal deformation rate is greater than 100 mm
and the range is about 0.75 km, and the vertical deformation rate is greater than −40 mm.
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The range is about 0.5 km. (2) The CD profile line reaches a peak at 3.4 km from the shore,
while the horizontal deformation rate is greater than 100 mm, which is about 0.65 km; the
vertical deformation rate is greater than −20 mm, which is about 0.6 km. (3) The EF section
achieved peaks at 1.8 km and 4.2 km from point E. It can be seen from the results that these
two areas are more dangerous, and we will continue to analyze them in combination with
optical images.
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Figure 12. (a) is the horizontal displacement rate of profile line A–B; (b) is the vertical displacement
rate of profile line A–B; (c) is the horizontal displacement rate of profile line C–D; (d) is the vertical
displacement rate of profile line C–D; (e) is the horizontal displacement rate of profile line E–F; (f) is
the vertical displacement rate of profile line E–F. The green line represents the suspected fault.

5. Analysis and Discussion
5.1. Precision Analysis

The accuracy of this experiment was evaluated by calculating the RMS of the residual
of the deformation sequence. The results are shown in Figure 13. Furthermore, we statisti-
cally analyzed the RMS of the deformation sequence (see Table 2 for details). We found that
the mean root mean square error of the region is 4.7 mm, RMS < 10 mm is about 95.36% of
the total, and RMS < 15 mm is about 98.85% of the total. The root error average is 4.1 mm,
RMS < 10 mm accounts for 95.40% of the total, and RMS < 15 mm accounts for 99.31% of
the total. The mean square root error of the non-deformation significant region is 4.8 mm,
RMS < 10 mm accounts for 95.35% of the total, and RMS < 15 mm is approximately 98.79%
of the total. It can be seen from Figure 14 that the deformation region mainly occurs in the
county area, and the terrain is relatively flat, so the accuracy of the InSAR monitoring result
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is high, while the other regions have steep terrain and relatively low precision. Therefore,
we think that the deformation accuracy could reach 10 mm within the 95% confidence
interval, so the accuracy of this experiment is reliable.
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Table 2. RMS data statistics.

Average of RMSE (mm) Percentage of RME < 10 mm Percentage of RMS < 15 mm

Total 4.7 95.36% 98.85%
Deformation significant area 4.1 95.40% 99.31%

Non-deformation significant area 4.8 95.35% 98.79%
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5.2. Relationships between Displacement and Water Storage

According to the literature [23], the elevation of the Jinsha River riverbed near the Xilu-
odu reservoir area was about 400 m before water storage. When the Xiluodu Hydropower
Station began to store water, the lowest water level in the reservoir area rose to 540 m,
and the highest water level rose to 600 m. It leads to a continuous increase in surface
deformation near the reservoir area. At the same time, the fluctuation of the Xiluodu water
level of about 60 m per year will also cause the surface deformation near the reservoir area
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to fluctuate accordingly. To this end, we selected two feature points, P1 and P2, in the two
significant areas of deformation, to analyze the relationship between water storage and
deformation and provide a basis for future reservoir water storage.

5.2.1. Relationship between Horizontal Displacement and Water Storage

As shown in Figure 15, the water of Xiluodu has been stored for the first time since
October 2014, and the water level dropped to 540 m in June of the following year. At present,
it has experienced four complete water storage–drainage cycles, of which the cumulative
shape variable of the direction of the P1 level reached 110 mm, and the cumulative shape
variable of the horizontal direction of the P2 level reached 800 mm. At the same time, the
horizontal deformation rate obviously accelerated in each round of water storage, and
when the water level of Xiluodu rises to 600 m, the horizontal deformation rate begins to
decrease. Over time, in the third round and the fourth round of water storage, although the
absolute deformation variable increased in the horizontal direction of the Xiluodu reservoir
area, the relative deformation rate began to slow down, indicating that the horizontal
deformation of the Xiluodu reservoir area tends to be stable. According to Zhou et al.’s
literature analysis [23], as the water level continues to rise, the pore water pressure inside
the permeable layer of Yangxin limestone increases continuously, which leads to a reduction
in effective stress, which leads to the elastic expansion deformation of Yangxin limestone.
At the same time, since the upper layer of the Yangxin limestone is covered with mud shale
as a water-blocking layer, the shale also undergoes elastic deformation as the pressure
increases. Since the Yongsheng syncline basin generally tends toward the Jinsha River, the
horizontal direction of the Xiluodu reservoir area will be deformed outwardly along the
slope under the superposition of two elastic deformations. However, as the water level of
Xiluodu continues to rise, the water level of the reservoir enters from the permeable layer
of basalt, resulting in a stable horizontal deformation.

Remote Sens. 2022, 14, x FOR PEER REVIEW 16 of 21 
 

 

to fluctuate accordingly. To this end, we selected two feature points, P1 and P2, in the two 
significant areas of deformation, to analyze the relationship between water storage and 
deformation and provide a basis for future reservoir water storage. 

5.2.1. Relationship between Horizontal Displacement and Water Storage 
As shown in Figure 15, the water of Xiluodu has been stored for the first time since 

October 2014, and the water level dropped to 540 m in June of the following year. At pre-
sent, it has experienced four complete water storage–drainage cycles, of which the cumu-
lative shape variable of the direction of the P1 level reached 110 mm, and the cumulative 
shape variable of the horizontal direction of the P2 level reached 800 mm. At the same 
time, the horizontal deformation rate obviously accelerated in each round of water stor-
age, and when the water level of Xiluodu rises to 600 m, the horizontal deformation rate 
begins to decrease. Over time, in the third round and the fourth round of water storage, 
although the absolute deformation variable increased in the horizontal direction of the 
Xiluodu reservoir area, the relative deformation rate began to slow down, indicating that 
the horizontal deformation of the Xiluodu reservoir area tends to be stable. According to 
Zhou et al.’s literature analysis [23], as the water level continues to rise, the pore water 
pressure inside the permeable layer of Yangxin limestone increases continuously, which 
leads to a reduction in effective stress, which leads to the elastic expansion deformation 
of Yangxin limestone. At the same time, since the upper layer of the Yangxin limestone is 
covered with mud shale as a water-blocking layer, the shale also undergoes elastic defor-
mation as the pressure increases. Since the Yongsheng syncline basin generally tends to-
ward the Jinsha River, the horizontal direction of the Xiluodu reservoir area will be de-
formed outwardly along the slope under the superposition of two elastic deformations. 
However, as the water level of Xiluodu continues to rise, the water level of the reservoir 
enters from the permeable layer of basalt, resulting in a stable horizontal deformation. 

 
Figure 15. Relationship between horizontal displacement and impoundment. (a) is the relationship 
between the deformation sequence and water level in the horizontal direction of point P1 in Figure 
10; (b) is the deformation sequence in (a) that removes the linear trend; (c) is the relationship be-
tween the deformation sequence and water level in the horizontal direction of point P2 in Figure 
10; (d) is the deformation sequence in (c) that removes the linear trend. 

Figure 15. Relationship between horizontal displacement and impoundment. (a) is the relationship
between the deformation sequence and water level in the horizontal direction of point P1 in Figure 10;
(b) is the deformation sequence in (a) that removes the linear trend; (c) is the relationship between
the deformation sequence and water level in the horizontal direction of point P2 in Figure 10; (d) is
the deformation sequence in (c) that removes the linear trend.
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5.2.2. Relationship between Vertical Displacement and Water Storage

As shown in Figure 16, from October 2014 to April 2019, the cumulative shape variables
at the P1 point and the vertical point of the P2 point were −175 mm and −110 mm,
respectively. At the same time, when the water level of the reservoir rapidly decreases, the
deformation in the vertical direction accelerates. When the water level of the reservoir rises,
the deformation in the vertical direction begins to rebound and finally, the deformation in
the vertical direction changes with the fluctuation of the water level. Therefore, we speculate
that when the water in the Jinsha River continues to infiltrate, the floating force is generated,
causing the Xiluodu reservoir area to move upward in a vertical direction. However, the
elevation of the water level leads to an increase in the gravitational potential energy, and
the soil is consolidated under the action of gravity. The gravity is much greater than the
buoyancy. Therefore, the Xiluodu reservoir area has a vertical downward deformation.
Finally, as the water-storage cycle continues to increase, the natural consolidation state of
the soil becomes saturated so that the cyclical changes caused by the water storage are not
offset; thus, the vertical deformation changes with the water level fluctuation.
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the deformation sequence and water level in the vertical direction of point P2 in Figure 10; (d) is the
deformation sequence in (c) that removes the linear trend.

5.3. Potential Geological Hazards

According to the National Geological Hazard Bulletin, there were 2966 geological
disasters in 2018, resulting in 105 deaths and seven missing people. The direct economic
losses amounted to RMB 1.47 billion. Among them, the southwestern region suffered the
most serious disasters, accounting for 35.2% of national geological disasters. Therefore,
monitoring geological disasters is vital. As a wide-ranging monitoring method, InSAR can
undoubtedly provide necessary observation of geological disasters. However, due to the
limitation of satellite side-view imaging, the SAR satellite of a single platform may have
overlapping, shadow, and top–bottom inversion in complex mountainous areas, which
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may easily cause blind spots of identification, resulting in misjudgment [37]. Therefore,
through a variety of data (ascending and descending data), the true strength of InSAR
technology can be realized in complex mountainous areas. In this paper, we used the data
of multiple orbits to decompose the study area horizontally and vertically, thus restoring
the deformation of the entire study area. According to the analysis in Section 5.1, combined
with the optical image (as shown in Figure 17a), we found that the deformation of the
trailing edge (fault-1) of the significant region of deformation was large, and then through
the analysis in Section 5.2, we speculate that the region will continue to move along the
coast, which may lead to cracks at the trailing edge, and the formation of geological
disasters such as ground fissures and collapses, which require following up. At the same
time, the left side of the area has a distinct block in the deformed area on the right. As the
deformation in the horizontal direction continues to accumulate, the unequal horizontal
forces in the two areas may cause relative shear, causing the middle area to form a fault
(Fault-2), which may lead to geological disasters such as landslides and ground fissures. As
can be seen from the foregoing, the geological conditions in the area are relatively fragile.
Therefore, in order to avoid large casualties, the area should be continuously monitored.
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6. Conclusions

As China’s demand for power resources continues to increase, hydropower has become
increasingly important as a clean and recyclable energy source. However, the artificial
construction of a reservoir undoubtedly changes the hydrogeological conditions of the
hydropower station’s attached structures, resulting in deformation of the surface near the
hydropower station, which can lead to landslides, mudslides, earthquakes, etc. In this
paper, using time-series InSAR technology, through a variety of data (ALOS2 ascending,
Sentinel-1 ascending and descending), large-scale surface deformation monitoring was
carried out near the Xiluodu reservoir area after water storage and power generation. The
conclusions are as follows:

(1) For a variety of data, the space is not synchronized, and the deformation sequence
decomposition cannot be directly performed. A new solution was proposed, and the
horizontal and vertical deformation values of the entire time series were obtained.
The results show that the maximum average velocity is perpendicular to the bank
edge, the maximum average velocity is 250 mm/a, and the maximum vertical velocity
is 60 mm/a, which indicates that the surface deformation near the Xiluodu reservoir
area is mainly horizontal and the vertical direction is supplemented. At the same time,
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we used the residuals to analyze the accuracy of the deformation solution. The results
show that the deformation accuracy can reach 10 mm within the 95% confidence
interval, indicating that the accuracy of this experiment is reliable.

(2) By analyzing the relationship between horizontal displacement and vertical displace-
ment and water level, it was found that after the Xiluodu water storage, the vertical
bank direction displacement continued to increase. This indicates that the deformation
caused by the water storage was not due to the elastic displacement caused by the
load but caused instead by the irreversible shaping displacement. According to its
development trend, we speculate that the vertical shore direction displacement will
continue to increase and finally stabilize. According to its development trend, we
speculate that the displacement in the vertical shore direction will continue to increase
and finally stabilize; the displacement in the vertical direction increases rapidly at the
initial stage of water storage. After two water-storage cycles, the vertical deformation
begins to stabilize, and the vertical deformation will change with the change in storage
period.

(3) Through the analysis of the results and potential faults, we speculate that there may
be two faults at this location. As the horizontal deformation continues to accumulate,
it may cause cracking, which will aggravate the geological vulnerability of the site.

This experiment failed to obtain GPS data, so it is impossible to verify the decompo-
sition results of InSAR data with external data. At the same time, the acquisition date of
this experimental data was after the Xiluodu Hydropower Station started operating. In
subsequent analysis, we can try to obtain the InSAR data before the Xiluodu Reservoir
was stored and thus gain a clearer understanding of the landmark deformation near the
Xiluodu Reservoir.
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