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This paper focuses on ancient landslides located along the Jinsha River between the Ahai hydropower station (AHHs) and Liyuan
hydropower station (LYHs). High-precision landslide monitoring and accurate understanding of inducing factors are important
for landslide stability analysis. However, it is often difficult to monitor and analyze landslide movement due to rough terrain and
the complex inducing factors in the mountain area. In this paper, the ancient landslides can be monitored by distributed
scatterers-based interferometric synthetic aperture radar (DS-InSAR) technology and global positioning systems (GPS). DS-
InSAR can obtain enough measurement points based on the persistent scatterers and distributed scatterers. Besides, we present
the results of GPS measurement as a comparison and supplement to DS-InSAR. Our results illustrate that DS-InSAR
measurement and GPS measurement show high-level consistency. To comprehensively analyze the triggering factors of
landslide deformation, we derive the spatiotemporal movement characteristics of the XinJian (XJ) landslide and find that the
XJ landslide movement is very nonuniform, which is closely related to soil weathering. The XJ landslide movement undergoes
periodic acceleration. We deduce that the motion of the landslide may be affected by precipitation and water level fluctuation
and indicate that the combination of precipitation and water level fluctuation is the most serious triggering factor. During the
period from August to September, the rate of landslide movement reached a peak value, which was highly consistent with the
precipitation and water level records. Additionally, the rescaled range method (R/S) is used to analyze the stability of the X]J
landslide. The results show that hydrological conditions are an essential factor in the stability of the landslide. In other words,
the more precipitation there is, the larger the water level changes and the more unstable the landslide.

1. Introduction

In recent years, the Jinsha River has been extensively devel-
oped for hydroelectric power generation, and the Chinese
government has planted 27 hydropower stations along the
Jinsha River [1]. There are eight small- and medium-sized
hydropower stations along the middle reaches of the Jinsha
River in Yunnan Province [2]. Ahai hydropower station
(AHHs) and Liyuan hydropower station (LYHs) are two
such medium-sized hydropower projects [2, 3]. When
AHHs began to impound in January 2012, the water level
near the research area rose rapidly from 1489m to the
design water level of 1504 m in six months. A rapid water
level rise can threaten the safety of the hydropower station

and local residents [1, 2, 4, 5]. Therefore, monitoring land-
slide movement and analyzing landslide stability are
extremely important [5, 6]. Traditional methods for
monitoring landslides include crack monitoring, GPS, and
total station [7]. These methods reflect the landslide
movement by recording the relative and absolute
deformation of monitoring points. Although the accuracy
of those monitoring methods is relatively high, their spatial
resolution is limited by the number and distribution of the
monitoring points [8]. This makes them more suitable for
local high-precision landslide monitoring than for reflecting
the overall deformation characteristics of large-scale land-
slide movement. In recent years, the development of remote
sensing technologies gives us offer chances to detect and
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FiGUrk 1: The study area location and SAR data coverage. The background is the shaded topography generated from the shuttle radar
topography mission digital elevation model (SRTM DEM). The inset indicates the study area location in China.

monitor landslides in a wider scope. Ground-based devices
such as ground-based InSAR (GB-InSAR) [9] and terrestrial
laser scanning (TLS) [10] can accurately identify and
monitor deformation of a few millimeters in a short time.
However, their effective monitoring rang may be limited
due to topography constraints. In addition, ground-based
devices do not even work in some dangerous mountain
areas. Comparatively, the monitoring range and accuracy
of airborne remote sensing technologies (such as airborne
unmanned aerial vehicle (UAV) photogrammetry [11]) are
between the spaceborne and ground-based devices; the flex-
ibility and high adaptability to complex terrain make it a
vital way to obtain high-quality data. Airborne UAV
achieves high-precision observation mainly by deploying a
large number of ground control points (GCPs). Their num-
ber and distribution determine the quality of UAV data [11].
However, in valleys, mountains, and dangerous disaster
areas, it is sometimes unfeasible to set up sufficient manual
GPSs in the study area. Besides, airborne remote sensing
technologies are difficult to obtain data in the dark or bad
weather. Among the advance remote sensing technologies,
spaceborne SAR cannot match the spatial detail or time
resolution achievable by means of airborne or ground-
based devices. Nevertheless, spaceborne SAR owes to its high
precision, high-spatial resolution, broad coverage, and
operation under all weather conditions, and it has been
proved to be effective in large-scale landslide hazard identi-
fication, deformation monitoring, and landslide stability
analysis [1, 8].

The time series InSAR (TS-InSAR) techniques are
extensively used for landslide investigation and identifica-
tion [12], landslide monitoring and mapping [13, 14],
and stability assessment of landslides [15, 16]. Persistent
scatterer interferometry (PSI) and distributed scatterer
interferometry (DSI) are two main categories of TS-

InSAR [17]. PSI takes a single-reference strategy and
extracts persistent scatterers (PS) to build deformation
models for accurate analysis with multiple SAR images.
However, it is difficult for PSI to obtain enough
measurement points (MPs) in nonurban areas. In
particular, in mountain areas, the density of PS points is
usually less than 10 points/lkm®> [18]. DSI employs
distributed scatterers (DS), which usually correspond to
the pixels whose neighboring pixels share similar
reflectivity values, such as bare soil, sparsely vegetated
land, or desert areas, which are typically found in rural
environments and can significantly increase the spatial
density of MPs in mountain areas [19, 20]. In our work,
DS-InSAR is used to jointly process PS and DS targets
to monitor ten ancient landslides located along the Jinsha
River between the AHHs and LYHs; the distance between
AHHs and LYHs is only 60km. Sentinel-1A data cannot
monitor landslide movement before 2014. Therefore, the
GPS measurement is used as a comparison and
supplement to monitor the historical movement of
landslides [7, 21]. It not only verified the results of InSAR
measurement but also offered the tracks of landslide
movement before 2014. DS-InSAR measurement result
shows that we focus on ten potential ancient landslides
located along the Jinsha River between the AHHs and
LYHs; four active landslides are identified with average
movement rates ranging from -148 to 148 mm/yr. By
comparing the DS-InSAR results and GPS measurement
results, we find that they show high-level consistency. Besides,
GPS measurement also illustrates that after the initial
impoundment, six landslides have gradually stabilized since
October 2015, while the others remain active.

For the XinJian (X]J) landslide between the AHHs and
the LYHs, the DS-InSAR results reveal that the spatiotem-
poral distribution characteristics of the XJ landslide are
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FIGURE 2: Overview of the X]J landslide from Google Earth image.
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FIGURE 3: The full combination of interferometric pairs for Sentinel-1A datasets.

very complicated. The spatial distribution of landslide
movement is very nonuniform. The landslide movement
time series shows that the landslide movement undergoes
periodic acceleration. However, we note that it remains
unclear why the XJ landslide movement accelerated.
Therefore, comprehensive analyses of the triggering factors
were performed by combining landslide motion, monthly
precipitation [22], water level change [1, 23], and soil
weathering information from borehole data [24]. The

result of analyses illustrates that the XJ landslide can be
divided into three independent parts with totally different
stabilities, which is closely related to factors such as the
boundary of ditches and soil weathering. The data soil
weathering is obtained by seventeen boreholes in the three
different movement areas. In addition, the temporal
distribution characteristics of the landslide show that its
movement acceleration from May to February of the next
year and the deformation are relatively low from February
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FIGURE 4: Landslide areas and GPS monitoring network distribution.
radar topography mission digital elevation model (SRTM DEM).

to May with no obvious acceleration. We deduce that the
deformation of the landslide may be affected by
precipitation and water level fluctuation and find that the
combination of precipitation and water level fluctuation
is the most serious triggering factor.

In addition, landslide stability analysis is a prerequisite
for the prevention of landslide hazards [25-27]. The
rescaled range (R/S) method [28] is a time series analysis
based on fractal theory. It is applied to analyze the
stability of the X]J landslide. Nonparametric analysis
algorithms rarely require an assumption regarding the
study objects. Moreover, the method has good robustness,
which makes it very suitable for the analysis of nonlinear
time series of landslide deformation [29].

The main purpose of this paper is to monitor landslide
movement along the Jinsha River and analyze the
spatiotemporal movement characteristics. The results of
DS-InSAR and GPS measurements show that four
landslides are still active, and other landslides gradually
stabilized after October 2015. For the X]J landslide, the fun-
damental cause of landslide movement was analyzed to bet-
ter understand the acceleration of XJ landslide movement. In
addition, we analyze the results of the R/S method to evalu-
ate the stability of the movement of landslide. The result
shows that the XJ landslide became more unstable in the
rainy seasons and in periods of water level change. Finally,
it is expected that the results of this study will provide theo-
retical support for the improvement of disaster prevention
and risk mitigation measures in hydropower stations along
the Jinsha River.
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2. Study Area

A long reach, of approximately 60km, between the AHHs
and LYHs was selected as the study area (Figure 1). The
south bank of the study area is in Yulong County, while
the north bank is in Ninglang County. The study area is
located in the middle section of the Hengduan Mountains
in northwestern Yunnan [30]. The terrain is high in the
northwest and low in the southeast, and the depth of the
valley generally ranges from 1480 to 1700m [2]. In
addition, this study area includes the Jinsha mountain
canyon landform, which is affected by tectonic activity
and river erosion. The northwest, southwest, and southeast
sides of the study area are adjacent to the Songpan-Ganzi
fold system, the Sanjiang fold system, and the Southern
China fold system, respectively [31]. The AHHs reservoir
area has been influenced by the strong activities of the
western geosyncline and thus exhibits well developed folds
and faults [2]. The bedrocks of the lower Simian system of
the Neoproterozoic to Mesozoic Upper Cretaceous system
and the Quaternary deposits in the Cenozoic are
distributed in the study area. In addition, the hydrological
conditions in the study area are complex and changeable,
with abundant rainfall. Heavy rain is concentrated in
July-October, accounting for 78% of the annual rainfall.
After the rainy season, the hydropower station regulates
the water level of the Jinsha River through reservoir flood
discharge and water storage, which triggers a large number
of landslides in the study area, thus increasing the
associated hazard [32].
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The X]J landslide, marked with a black pentacle in  slide is approximately 1000 m long and 600 m wide, with a
Figure 1, is located at the left side of the Jinsha River,  high elevation range from 1500 to 1700 m. Since reservoir
approximately 37km from the AHHs dam site. The land-  impoundment, the landslide movement has been slowing.



TaBLE 1: Specific parameters of Sentinel-1A TOPS data and XJ
landslide topography.

Parameters Actual value Average value
Incidence angle (0) 40.20°-42.48° 42.32°
Slope orientation (c) 82.70°-82.74° 82.72°
Aspect angle (5) 246°-250° 248°
Slope angle () 11°-12° 11.5°

Four ditches were distributed in the landslide area
(Figure 2). According to geological investigations and field
surveys, the lithology of this landslide mainly consists of
basalt, siltstone, gravel, aleurite, and clay layers with a mean
gradient of approximately 41° [33]. Meanwhile, the landslide
has been significantly eroded by weathering, resulting in a
low-strength, high-compressibility layer easily softened by
water [2].

3. Materials

3.1. SAR Data. Sixty-two C-band archived Sentinel-1A
TOPS SAR images spanning the period from September 7,
2016, to December 26, 2018, with ascending tracks are
included in this paper. The Sentinel-1A TOPS mode data
consist of a series of bursts with mutual overlaps. They are
suitable for large-scale landslide movement monitoring due
to their short revisiting time (12 days, when Sentinel-1A sen-
sors are active over the same area) and 250km swath at a
5m x 14 m spatial resolution [19]. The use of Sentinel 1A
data is already widespread in landslide stability analysis,
given the free access to the images and wide availability of
interferometric techniques and algorithms [34]. A one arc-
second shuttle radar topography mission (SRTM) digital
elevation map (DEM) with a pixel size of 30m is adopted
to remove the topographic phase. Precise orbit determina-
tion (POD) data are used for orbital refinement and phase
reflattening. Figure 3 illustrates the full combination of all
Sentinel-1A interferometric pairs for DS-InSAR. Among all
the SAR images, one SAR image was selected arbitrarily as
the reference image, and the other secondary images were
resampled on the same reference grid [35].

3.2. GPS Data. To monitor the movement of ancient land-
slides in the study area, a GPS monitoring network was set
up in February 2012 and includes eighteen GPS benchmarks
and eighty-four GPS measurement points (MPs), forming
the GPS monitoring network that covered all the landslide
areas as shown in Figure 4. The orange areas indicate ten
ancient landslide areas, which were identified by field survey
and prior geological investigation, marked as the KuZhi
(KZ) landslide, ShaWei (SW) landslide, DongSha (DS) land-
slide, YanKe (YK) landslide, LaDing (LD) landslide,
GuKong (GK) landslide, XJ landslide, BaiYa (BY) landslide,
LaRi (LR) landslide, and GeLi (GL) landslide, which were
distributed over the study areas. All GPS benchmarks were
outside the landslide areas, where they were assumed to be
stable. At least two GPS MPs were deployed in each land-
slide area, among which 15 GPS MPs were deployed in the

Journal of Sensors

X]J landslide area. The GPS results were collected from Octo-
ber 2012 to December 2018, and the monitoring data were
processed once a month in the rainy season and once a quar-
ter in other periods, i.e., in March, June, July, August, Sep-
tember, and December, to include all the acquisition times
of the Sentinel-1A datasets.

4. Methodology

DS-InSAR was applied to monitor the XJ landslide by com-
bining PS and DS data. The processing flowchart shown in
Figure 5 mainly consists of five steps: (1) Sentinel-1A pre-
processing, including coregistration and interferometric.
(2) PS and DS selection, where the Kolmogorov-Smirnov
(KS) test is employed to select statistically homogeneous
pixels, and then reconstruction of the optimal phases of DS
via the phase triangulation algorithm. (3) Combined analysis
of the PS candidates and DS candidates. Here, the StaMPS/
PSInSAR [36] processing program was used to retrieve the
movement rate and time series movement. (4) Analyzing
the GPS measurements, including GPS movement and line
of sight (LOS) projection in the along-slope direction. (5)
Landslide stability analysis. The R/S method was applied to
analyze the stability of landslides. In the following sections,
each of the five steps was explained in detail.

4.1. Sentinel-1A Preprocessing. The Sentinel-1A images were
imported and coregistered by using free Doris software [37].
Meanwhile, the basic interferometric processing steps are
also performed, such as multilook processing, intensity
map generation, and DEM generation and geocoding.

4.2. PS and DS Sections. The amplitude dispersion index D,
and spectral diversity methods are adopted to extract PS
candidates, and their original phase values are used for fur-
ther time series analysis [38]. As shown on the left side of
the processed PS and DS sections in Figure 5, D, is defined
as follows [39]:

0y
D,=-2, (1)
4 Uy

where y, and o, are the mean and standard deviation of a
series of amplitude values for one pixel, respectively. Only
the pixels with D, under a given threshold (typically <0.4)
are considered PS candidates [40, 41].

Consider the distribution function of SAR intensity
images with a long tail [20, 42]. The Kolmogorov-Smirnov
(KS) test is used to extract the statistically homogeneous
pixels as DS candidates. The KS test is carried out on the
backscatter intensity vectors of the central pixel and all
pixels within a 15x 15 estimation window to determine
whether they share the same or similar statistics at a given
significance level (0.95 in this step).

For N coregistered multitemporal single-look complex
(SLC) images, after identification of statistically homoge-
neous pixels for each DS candidate pixel, the optimal phase

series of the DS pixel, 6 = [6,,6,, -, 05]", can be estimated
using the coherence matrix with the identified statistically
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homogeneous pixels. The phase triangulation algorithm
[35] was adopted to optimize the DS phase, and the adap-
tive space filtering method was used to improve the coher-
ence of the interferogram. Without loss of generality, we set
the first value of 0 to zero, i.e., 0; = 0. The maximum likeli-
hood estimation of 8 was computed as follows:

/6\:arg19’nax{|17H|(—|T|’l °T)n}, (2)

where 0 is the estimated optimal phases, H indicates the
Hermitian conjugation, and the symbol o is the Hadamard
product. 7= [0, %2, ---,eieN]T,iSN, and the symbol T
represents the N X N coherence matrix for each statisti-
cally homogeneous pixel. A phase linking approach [20]
is adopted to solve the maximum likelihood estimation
problem as explained by SqueeSAR™ [17, 43]. This phase
estimation method efficiently filters the decorrelation
phase noise and preserves detailed spatial information
[44]. After the optimal phases are estimated, the final DS
candidates are selected according to the goodness-of-fit
index ypr,. The quality of the estimated optimal phase
can be determined by the goodness-of-fit formulated as
follows:

2 SN it gril0,-00)
= Puk o~ 10~
YPTA_N(N—I) Rez Z e'Prie k), (3)

n=1 k=n+1

where ¢, is the phase value of the element at row #n and
column k of the coherence matrix and 6, and 6, are the
estimated optimal phases. The DS candidates were weeded
further according to ypr,. DS candidates with a ypp, >
0.65 are kept.

4.3. Combined Analysis of PS and DS. The PS candidates and
DS candidates were jointly processed using a standard
StaMPS/PSInSAR tool with Doris software. Here, the PSIn-
SAR processing program drops DS pixels that coincide with
PS pixels. All PS and DS pixels were connected to form the
Delaunay triangulation network for phase analysis. The
phase was first corrected for the spatially uncorrelated part
of the look angle error due to the DEM error and pixel phase
center uncertainty. 3D phase unwrapping was then imple-
mented to unwrap the interferometric phase in temporal
and spatial dimensions [45]. Optionally, the unwrapped
phases can be filtered by a high-pass filter in time and a
low-pass filter in space to estimate the remaining spatially
correlated nuisance terms, such as the atmospheric and
orbital phases [41, 46]. The MP density in the research area



—~ GL landslide -
= 04 <)
£ : : g
E 021 E
£ £
£ 0 . : : e
02/10/12 01/01/14 02/04/14 01/07/16 30/09/17 30/12/18
Date
—e— GLO7
—e— GLO5
BY landslide
3 04 3
£ £
E 021 E
2 £
£ 0 : : ; : 4
02/10/12 01/01/14 02/04/15 01/07/16  30/09/17 30/12/18
Date
—e— BYO05
—e— BY06
S 02 GK landslide S
i : : =]
E 0144 0aC %
2 8
g 0 ; : ; b &
02/10/12  01/01/14 02/04/15 01/07/16  30/09/17  30/12/18
Date
—e— GKO1
—e— GKO02
N DS landslide —
= =
g 0.2 e g
E g
2 1 : 2
g 0 = S A 4
02/10/12  01/01/14 02/04/15 01/07/16  30/09/17  30/12/18
Date
—e— DSO1
—e— DS02
. SW landslide -
= 05 - - - =
g : : : =)
g z z : £
3 : : : &
g 0 Ptesase s se s oot mpos 4
02/10/12 01/01/14 02/04/15 01/07/16 30/09/17 30/12/18
Date
—e— SWO07
—e— SWO09

Journal of Sensors

LR landslide
. k | |
0 : e -
02/10/12  01/01/14 02/04/15 01/07/16  30/09/17  30/12/18
Date
—e— LRO1
—e— LR0O2
X]J landslide
0.5
0 T T T T
02/10/12  01/01/14 02/04/15 01/07/16 30/09/17 30/12/18
Date
—eo— XJ0O7
—e— XJO1
KZ landslide
0.1 -
0.1 4
0.05 4 :
0 - e
02/10/12  01/01/14 02/04/15 01/07/16  30/09/17 30/12/18
Date
—e— KZ02
—e— KZ03
YK landslide
0.1 48
0.05
0 1 T o=t
02/10/12  01/01/14  02/04/15 01/07/16  30/09/17 30/12/18
Date
0.2 4
0.14
0 T T T T
02/10/12 01/01/14  02/04/15 01/07/16 30/09/17 30/12/18
Date
—e— DLO1
—e— DLLO02

FiGure 7: The GPS time series of ten ancient landslides.

was 2324km™%, and data from the MPs were used to
estimate the landslide movements. In the study area,
according to a field survey and the GPS results, reference
point P was selected in the stable area near the hydropower
station to retrieve the movement rate and time series
movement.

44. GPS Measurements and Along-Slope Direction
Movement. DS-InSAR technology provided the movement
of landslides between 2016 and 2019 only. To monitor the
historical movement of landslides in the study area, the
GPS monitoring network setup in February 2012 was used.
Dual-frequency Trimble 5700 GPS receivers with a 15s
interval were used. At the MPs, the observation time was
longer than 6h. GAMIT/GLOBK software was employed
to process the GPS observations. Finally, the GPS data were
used to evaluate the results derived from DS-InSAR and ana-
lyze the landslide movement in the early stage of reservoir
impoundment. Meanwhile, the GPS time series (from Sep-
tember 21, 2016, to December 31, 2018) were projected onto

an independent coordinate system with the x-axis parallel to
the along-slope direction and the y-axis perpendicular to the
along-slope direction by coordinate transformation.

The InSAR data can measure the movement along only
the LOS direction, which cannot directly reflect the actual
movement of the landslide [15, 47]. The procedure for the
projection of the LOS vectors is based on both geomorpho-
logical and DEM models [48-50]. The LOS movement was
projected onto the along-slope direction using the following
equation [49]:

dyone = dios
- . . . . . >
P sin O-cos ar-sin & - cos 3 —sin 6 - sin «- cos & - cos 3+ sin f3 - cos O

(4)
where dy,.. is the along-slope direction movement, d; g is
the LOS direction movement, 0 is the incidence angle with
respect to the “flat earth,” which is the angle between the
vertical direction and the radar LOS, and « is the slope
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orientation, which is the angle between the azimuth and
north direction. § is the aspect angle; 8 is the slope angle.

According to the Sentinel-1A TOPS data and DEM
models, the specific parameters of the Sentinel-1A and
XJ landslide topographies are illustrated in Table 1.

The procedure for the projection of LOS movement
vectors is based on the parameters of the Sentinel-1A
and XJ landslide topography, and the projection formula
is as follows:

dLOS

d .
0.176

slope — (5 )
4.5. The Stability of Landslide. The R/S analysis method
was first proposed as a new statistical method by British
scientist studying hydrological observational data of the
Nile, then was improved by Mandelbrot and Wallis in the-
ory, and finally was developed into fractal theory [29]. The

R/S analysis method [1] was used to analyze the stability
of landslides, which is different from traditional evaluation
and prediction methods such as the finite element method,
discrete element method, and Fukuzono method [51]. The
R/S analysis method considered not only the data at MPs
but also the moving traces of the MPs. This allows more
information from the results of the landslide movement
to be revealed and a broader understanding of the
movement history at different stages of landslide to be
obtained. According to the R/S analysis theory [52], when
the Hurst index H =0.5, the development processes are
independent; when the Hurst index H > 0.5, its H index
represents that the evolution trend of landslide stability
is persistent. In that case, the larger the relative value of
the H index, the greater the slope stability; when the
Hurst index is 0< H <0.5, its H index represents that
the general trend of landslide stability evolution is
antipersistent and that the landslide will eventually become
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F1GURE 10: The relationship between InSAR cumulative movement derived from monitoring points P1, P2, and P3 (label in Figure 7) and
precipitation and water level change.

TaBLE 2: The triggering factors in different accelerated periods of XJ landslide.

Movement rate (mm/year)

Movement time Main triggering factors

P1 P2 P3
2017.5-2017.8 46.6 48.9 52.8 Precipitation
2017.8-2017.11 1334 150.9 176.4 Precipitation and water level fluctuation
2017.2-2018.2 87.7 114.2 112.2 Water level fluctuation
unstable. The smaller the relative value of the H index is, =~ movement rate of -148 mm/year. As the deformation is illu-
the lower the landslide stability level and the greater the  minated in Figure 6, please note that the blue and red distri-
risk of landslide instability. bution indicates the landslide movement along the LOS
toward and away from the radar, respectively. Red rectangles
5. Results and Analysis represent the ancient landslide areas were identified by

geological investigation and filed survey, the blue rectangle
5.1. Landslide Movement Derived from DS-InSAR. The  represents the location of the LYHs and the AHHs, and
InSAR products including intensity maps and coherence the black pentagon represents the geographical position of
maps and external DEM could be used to detect and map GPS monitoring pOintS. The red pentagon represents the
landslides that occur suddenly with a certain extent, while ~ InSAR movement reference point P.
the deformation rate map is beneficial to identify the poten-

tial, slow, and long-term deformed landslides. In our exper- 5.2. Landslide Movement Derived from GPS. At least two
iment, four slow-moving landslide areas with movement = GPS MPs were arranged on each landslide body. The
rate exceeding 30 mm/year, along Jinsha River of approxi-  movement time of the two GPS MPs was long, and the accu-

mate 60 km, are identified from the InSAR deformation rate ~ mulation of movement was large. Therefore, two GPS MPs
map. Four landslides marked as BY, XJ, LR, and UN, as  with significant movement were selected to represent the

shown in Figure 6. These landslides were ancient landslides, =~ overall movement state of each landslide body. Figure 7
and other ancient landslides were not identified. These land- ~ shows the time series movement rate of two selected GPS
slide movement rates along the radar line of sight (LOS)  MPs. We infer that in the initial stage of water storage of
range from -148 mm/year to 148 mm/year, and the maxi-  the reservoir at AHHs on January 12, 2012, the water level

mum movement occurred in the XJ landslide area with a  near the research area rose rapidly from 1489m to the



Journal of Sensors

TaBLE 3: Comparison between GPS measurements and DS-InSAR
results.

InSAR along-slope GPS along-slope

A RMSE

MPs cumulative cumulative (mm) (mm)
movement (mm) movement (mm)

XJo1 124 20.7 -8.3

XJ02 5314 549.3 -17.9

XJ0o3 638.4 602.6 35.8

XJo4 1102.3 1051.4 50.9

XJ05 942.1 919.1 23

XJo6 768.3 762 6.3

XJo7 965.3 925.7 39.6

XJo8 6234 613.5 9.9 £39.8
XJ09 287.3 302.1 -14.8

XJ10 18.8 23.6 -4.8

XJ11 727.2 759.1 -31.9

XJ12 1652.3 1739.4 -87.1

XJ13 421.2 409.4 11.8

XJ14 352.3 331.6 20.7

XJ15 1312.1 1407.3 -95.2

design water level of 1504 m over six months, which may
have caused ten ancient landslide revival. Among them, the
GL, LR, GK, YK, DS, SW, and KZ landslides gradually stabi-
lized after October 2015, and others are still active now.

5.3. The Spatiotemporal Analysis of a Landslide. Figure 8
shows that the spatial characteristics of the XJ landslide
movement were very uneven and that this landslide can be
divided into three independent parts with totally different
stabilities from the four ditches, namely, areas I, II, and III.
These ditches are basically distributed in the east-west direc-
tion, which can affect the spatial distribution of the
movement of landslides. Please note that the blue in
Figure 8 indicates the movement toward the sensor, while
the red is away from the sensor. The solid red line represents
the boundary of the landslide. The black dots represent the
four trenches 1#, 2#, 3#, and 4#. The blue dotted line repre-
sents the geological structure profile of the A-a line. The
black double solid line represents the national secondary
highway. The black fence line represents the landslide crack
area. Among them, photographs in Figures 9(a), 9(b), and 9
(c) were taken in the black triangle positions. The black pen-
tagon marks represent the GPS monitoring points, and
InSAR movement is extracted at the position marked with
black circled asterisk at symbols P1, P2, and P3.

Figure 10 shows the relationship between InSAR cumu-
lative movement and precipitation and water level change.
Monthly precipitation data from 2016 to 2018 were col-
lected from the China Weather Network (http://www
.weather.com.cn/) [22]. Besides, from February 2017 to
April 2018, water level data were collected daily by the
Ninglang County meteorological station near the study
area, and unfortunately, we are missing water level data
after 2018. However, the changes in the water level and
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precipitation were similar each year during the monitoring
period [33, 53]. The rainfall was mainly concentrated from
June to November, and the change in the water level was
mainly concentrated from August to February of next
year. From Figure 10, we find that the X] landslide under-
went periodic acceleration from 2016 to 2018. The move-
ment of the landslide can be divided into stable and
accelerated periods. The cumulative movement increased
slowly in the stable period from February to May every
year, while the cumulative movement increased rapidly
in the accelerated period from May to February of next
year, and during this period, precipitation and water level
fluctuations also increased. When the rate of landslide
movement reaches the peak, the fluctuation of water level
and rainfall also reaches the maximum. We deduce that
the periodic acceleration of landslide movement is closely
related to precipitation and water level fluctuation. There-
fore, through the analysis of the graph in Figure 10, we
clearly sorted out the relationship of them as shown in
Table 2. Table 2 shows that the triggering factors offered
different contributions to landslide movement in different
accelerated periods. It is clear that the combination of
precipitation and water level fluctuation has the greatest
effect on landslide movement, followed by water level fluc-
tuation and precipitation. The movement triggered by
water level fluctuation is approximately double that caused
by precipitation. In addition, the dashed ellipse in
Figure 10 represents the period from November 6, 2018,
to November 28, 2018, when the landslide movement
exceeded 22 mm in just 22 days. We infer that the sudden
acceleration of landslide movement may be related to the
occurrence of 3.2M earthquake on November 5, 2018,
in Lijiang City. The data of earthquake were collected
from the Yunnan Earthquake Prevention and Disaster
Reduction (http://www.yndzj.gov.cn/yndzj/syl/index.html).
The X] landslide is about 30km away from the epicenter.

6. Comparisons and Discussions

6.1. Comparison of DS-InSAR Results Using GPS
Measurements. We performed comparisons of the landslide
cumulative movement on the XJ landslide determined
from Sentinel-1A data and GPS data. Figure 9 shows that
there are cracks on the surface of the XJ landslide. Clearly,
the red arrow in Figure 9(a) and Figure 9(b) indicates the
along-slope direction of the landslide movement. We took
Figure 9(a) from the left of the landslide and Figure 9(b)
from the right of the landslide. Therefore, in the following
analysis, the movement along the slope direction was
mainly considered. The LOS movement was projected
onto the along-slope direction by using Equation (5). In
addition, the GPS measurements were projected onto the
along-slope direction described in the GPS measurement
section. For each GPS monitoring station, all the
Sentinel-1A° MPs located near the GPS station within a
horizontal distance of <50m were selected to enable the
comparison. We found that the differences in the
cumulative movement results between DS-InSAR and
GPS were as follows: the maximum difference A, was


http://www.weather.com.cn/
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F1GURE 11: Profiles of the geological structure as indicated by the A-a lines in Figure 7. ZKw-1, ZKw-2, and ZKw-3 represent the locations of
boreholes at different elevations, which detect different depths of bedrock of the landslide and distributions of the groundwater level. The dot
colors indicate LOS movement rates. “Weakening wink bedrock” and “strengthening wink bedrock” indicate the degree of weathering of the

bedrock.

95.4mm (XJ15), the minimum difference A_;, was 6.3 mm
(XJ06), and the root mean square error of the difference
was 39.8mm (Table 3). Besides, the cracks appear in the
highway as shown in Figure 9(c), which indicates that
the landslide movement has caused damage to
infrastructure.

6.2. Analysis of the Triggering Factors of a Landslide. Land-
slide movement might be affected by various factors,
including soil weathering, precipitation, and water level
changes. Here, the major triggering factors and the XJ
landslide movement are discussed. Soil weathering from
seventeen boreholes in the three different movement areas,
namely, areas I, II, and III, was collected.

Area III is the most serious movement area, with a
maximum cumulative movement of 300mm and a
movement area of 0.26km?. The lithology of this area
mainly consists of basalt, siltstone, and clay layers, which
are easily softened by water. Analyzing the data from six
boreholes, we find that the surface soil and the bedrock
of the landslides were seriously eroded by weathering and
had strong water permeability and that the surface of the

soil was loose. Therefore, the landslide easily moved under
its own gravity and was softened by water immersion
controlled by the hydrological stations.

Area I is the secondary movement area, with a
maximum cumulative movement of 160mm and a
movement area of 0.38km’. The lithology of this area
mainly consists of siltstone, gravel, aleurite, and clay
layers. According to the data from five boreholes, we find
that the surface soil and bedrock of the landslide were
weakly weathered. Under the action of water and gravity,
the shear strength of the landslide body decreased, which
also resulted in landslide movement.

The movement of area II is not obvious, with a
cumulative movement smaller than 60mm and a
movement area of 0.27 km®. The lithology of this area is
conglomerate. Meanwhile, according to the data from six
boreholes, we find that the surface soil and bedrock of
the landslides were not weathered, and the soil layer had
lower water permeability than those in the other areas.
Therefore, surface movement was not obvious in this area.

The X]J landslide has undergone persistent active
movement and shown periodic acceleration characteristics,
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whether the landslide is unstable.

which may be related to precipitation and Jinsha River
water level changes, according to the sorting and analysis
of the landslide movement and hydrological data.
Figure 10 illustrates the relationship among precipitation,
water level change, and cumulative movement extracted
at MPs P1, P2, and P3. Some discussion can be drawn
as follows:

(1) According to the data from three boreholes and geo-
logical data, the landslide groundwater level
distribution was derived (Figure 11). The
permeability of the landslide body between the
groundwater level and the water level of the Jinsha
River is very high, and the groundwater level
changes with the water level change. From the
dot colors in Figure 11, we infer that the closer
the groundwater level is to the river, the more sen-
sitive the groundwater is to water level change and
the greater the triggered landslide movement is. It
should also be noted that the water level of the Jin-
sha River has an important effect on the stability of
a landslide. When the water level of the Jinsha
River drops, the groundwater level around the
landslide drops accordingly, and physically, the
buoyancy force at the bottom of the landslide also
decreases. At the same time, the groundwater in
the landslide area is higher than that in the sur-
rounding areas due to the inability to drain the
pore water contained in the landslide, which
reduces the antisliding ability while increasing the
sliding force of the potential sliding blocks [28].
In other words, a drop in the Jinsha River water

level aggravates the landslide movement rate.
Under the repeated rise and fall of the water level
of the Jinsha River, landslide movement shows
periodic acceleration

During the rainy season, as rainwater penetrates the
landslide, the clay eroded by weathering and limestone
contains a large amount of water-swelling materials. When
the clay is immersed in water and expanded, it not only
increases the self-weight of the landslide body but also
reduces the cohesion between particles, reduces or softens
the shear strength of the landslide body, and produces dis-
turbance. When the clay is disturbed and undergoes a
higher strain, it stimulates greater pore water pressure of
the clay and then accelerates the movement of the land-
slide body [3, 51].

6.3. Analysis of the Stability of the X] Landslide. According to
the above R/S method [28], the movement time series of the
XJ landslide was processed. Because the time sampling rate
of Sentinel-1A data (12 days apart) is shorter than that of
GPS data (at least 1 month apart), Sentinel-1A data are more
suitable for analyzing the stability of landslides. Therefore,
six MPs were extracted from three independent parts of
the XJ landslide with totally different stabilities, whose posi-
tions were coincident with or adjacent to GPS MPs, such as
MPs XJ09 and X]J14 in area I, XJ01 and XJ10 in area II, and
XJ11 and X]J15 in area III (label in Figure 8). By using the R/
S method, the H values of the landslide MPs were calculated
every two months from September 2016 to December 2018.
Figure 12 shows that the H value of area II remained above
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0.8, with small changes and a stable state. While the H values
of areas I and IIT decreased significantly from September
2018 to December 2018, they were less than 0.7. We find
that storms and water level changes often occurred from
October to December every year, when the H value was less
than 0.6. According to the rule of H index changes, it is clear
that the stability of areas I and III becomes more unstable
from October to December. In other words, precipitation
and water level changes can promote landslide instability.

7. Conclusions

The approach of landslide monitoring by DS-InSAR and
GPS was presented. DS-InSAR technology jointly utilized
PS candidates and DS candidates to increase the MP density
of the study area. DS-InSAR technology has been success-
tully applied to monitor landslide movement in several study
areas. The annual movement rate map in the LOS direction
derived from DS-InSAR technology suggests that four land-
slides are present in the study area of this work, with average
movement rates ranging from -148 to 148 mm/year. The
maximum movement, with a movement rate of 148 mm/
year, was located in the XJ landslide. In addition, the results
of the GPS monitoring of landslide areas show that in the
initial impoundment period of the AHHs, ten ancient land-
slides were reactivated: seven landslides gradually stabilized
after October 2015, whereas the other three are active now.
Comparisons were made between DS-InSAR and GPS
results. We find that the DS-InSAR results are approxi-
mately consistent with the GPS results. The maximum
cumulative movement difference and the minimum cumula-
tive movement difference between these two sets of results in
the X]J landslide area are 95.4 mm and 6.3 mm, respectively.
The spatiotemporal distribution of the XJ landslides is deter-
mined by combining the research results with soil weather-
ing, precipitation, and water level change data. In addition,
we infer that the spatial characteristics of the XJ landslide
movement may be related to soil weathering. We also find
that the XJ landslide underwent periodic acceleration and
suggested that the motion of the landslide may be affected
by precipitation and water level changes. To analyze the sta-
bility of the landslide, the R/S method was used to analyze
the stability of different areas of the XJ landslide. The results
showed that in the rainy season from July to October and in
the period of water level changes from October to December,
the XJ landslide areas III and I grew more unstable. The
results of this study will provide theoretical support for the
improvement of disaster prevention and risk mitigation
measures in hydropower stations along the Jinsha River.
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