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ARTICLE INFO ABSTRACT

On Oct. 11 and Nov. 3, 2018, two large-scale landslides occurred in the same location in Baige Village, Tibet, and
massive rocks fell and encroached into the Jingsha River. These landslides posed a severe risk to the upstream
and downstream areas. The occurrence, development and evolution of landslides are accompanied by a large
number of changes in measurable variables. The deformation data are one of most important parameters for
characterizing change and development trends of a landslide. This paper is centered on the results derived from
ground-based radar and space-borne Synthetic Aperture Radar (SAR) images in the post-event phase to monitor
the Baige landslides and to assess their residual risk. Two technologies play important roles in identifying and
characterizing impending catastrophic slope failures: ground-based radar reveals the horizontal deformation,
and satellite SAR images reveal the azimuth and range offset deformation. By combining satellite and ground-
based SAR observations, we obtained high-precision three-dimensional (3D) deformation results and found that
the vast majority of the instability regions mainly occur in the source area of the slope failures and that the
direction of collapse converges from all sides to the middle. Additional information from UAV orthophoto maps
and GNSS measurements also reveal that several cracks are distributed on the trailing edge of the landslide and
are still moving. The comprehensive results revealed that the moving rock mass has still been remarkably active
after the two landslide events. This study combined ground-based and space-borne SAR data to develop a long-
term monitoring and stability evaluation process for implementation after a large landslide disaster. Based on the
distribution characteristics of the 3D deformation fields, the present and future stability of the Baige Landslide
was analyzed.
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1. Introduction

Landslides are characterized by the downward movement of rocks
and/or soils on slopes. Landslides can also be defined as slopes in an
unstable state that may evolve into landslide hazards. The diversity of
definitions reflects the complexity of landslides (Highland and
Bobrowsky, 2008). The cause of landslides varies greatly and depends
on factors such as slope, topography, soil type, basic geology and
human activity. In late 2018 (Oct. 11 and Nov. 3, 2018), two large-scale
landslides occurred successively in the same location in Baige Village,
Boro Town, Tibet, China (Fig. 1). The entire rock mass of the slope slid
rapidly and blocked the river, causing upstream inundation and
downstream flooding. The Baige Landslide is located in the eastern part
of the Qinghai-Tibet Plateau, which is in the northern part of the
Hengduan Mountains regions. The Jinsha River valley zone between
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the Mangkang Mountains and the Shaluli Mountains forms the high
mountain canyon landform of the plateau. The downcutting erosion
under rivers and gravity erosion are the main types of action in the
process of slope evolution. According to the data from a regional geo-
logical survey, the Baige Landslide is located in the Jinsha River tec-
tonic junction zone, which is mainly composed of tectonic melange. The
Jinsha River junction zone is also an active tectonic zone, which is
characterized by continuous uplift of the regional upper crust and ac-
tive seismicity. Because of frequent geological activities, the structure
of the mountain body is relatively fragmented and is easily affected by
rainfall and earthquakes. The occurrence of a Baige landslide is a
gravity-induced geological process of slope evolution in this area (Deng
et al., 2019). Historical satellite optical data from 1966 to 2018 show
that the landslide body in Baige has been sliding continuously over the
past 50 years (Xu et al., 2018). During July 2017 and July 2018, the
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Fig. 1. Geographical setting and close-range photographs of the Baige Landslide. (A) Geographical location of the Baige Landslide. The blue box indicates the
segments of ascending COSMO-SkyMed images. The red box represents the landslide region. The black star indicates the location of the ground-based radar. (B)
Close-range photograph after the landslide taken on Dec. 4, 2018. The colour version of this figure is available only in the online version.

maximum displacement accumulation of the landslide body in the LOS
direction was up to 25m, as calculated by using SAR pixel offset
tracking (Fan et al., 2019). Therefore, the collapse of the landslide was
in accordance with expectations. Whether there will be another land-
slide or not requires further observations.

Landslide deformation data are among the most important para-
meters reflecting the process of landslide occurrence, development and
evolution and are the necessary basic data for landslide monitoring and
early warning (Casagli et al., 2010a). Space-borne interferometric
synthetic aperture radar (InSAR) has achieved remarkable results in the
research and application of landslide deformation monitoring (Corsini
et al., 2006; Pierson and Lu, 2009; Calabro et al., 2010; Sun et al., 2015;
Tong and Schmidt, 2016; Dai et al., 2016; Carla et al., 2018; Hu et al.,
2016, 2018). The advantages of space-borne InSAR systems are their
wide spatial coverage and reliable monitoring accuracy. However, fixed
orbit-related constraints, the long revisit time, insensitivity to de-
formation in the north-south direction and strict requirements for sur-
face coverage types prevented the successful application of satellite
InSAR in landslide emergency management (Bardi et al., 2014; Hu
et al., 2016, 2018). The pixel-offset tracking (POT) method is also
commonly used in landslide deformation monitoring (Wang and
Jonsson, 2015, Wang et al., 2018a). The POT method solves two-di-
mensional deformation based on image intensity (azimuth and range
direction of radar imaging). Unlike phase interferometry, POT can ef-
fectively extract large deformations with a resolution similar to or
greater than the SAR resolution.

Compared with space-borne SAR systems, ground-based radar
(GBR) systems can be deployed near the objects of interest to achieve
continuous monitoring. GBR systems have been developed over more
than a decade, and they mainly include the following two types: syn-
thetic aperture radar (e.g. IBIS, FASTGBSAR) and real aperture radar
(e.g. Gamma Portable Radar Interferometer, GPRI). The GBR is com-
monly used for applications in both natural disasters (Tarchi et al.,
2003; Luzi et al., 2006, 2007; Herrera et al., 2009; Noferini et al., 2009;
Casagli et al., 2010a, 2010b; Bozzano et al., 2011) and building safety

(Tapete et al., 2013; Serrano-Juan et al., 2016).

To study the deformation and stability of the sliding slope surface
after the two Baige landslide events, several issues must be considered.
How stable is the landslide? Will the landslide occur again? Where and
how large will potential future landslides be? Answering these ques-
tions requires accurate mapping of the deformation patterns of land-
slides and information on how to avoid or mitigate the adverse impacts
of landslides. From Dec. 4 to Dec. 10, 2018, the authors carried out a
monitoring campaign using GBR equipment to accurately determine the
location and magnitude of deformation and assess the stability of the
sliding surface of the Baige Landslide. This paper will focus on ana-
lyzing the large slope failure using GBR and space-borne SAR images
and providing technical support for subsequent landslide risk assess-
ment.

2. Methodology
2.1. GBR equipment and data collection

The radar interferometry technique has been applied for surface
deformation measurement for several years. In recent years, GBR
platforms have become increasingly important because they can correct
for inherent technical limitations in satellite SAR interferometry (e.g.,
limitations related to imaging cycle and observation direction). GBR
can be used to obtain the maximum line of sight (LOS) signal according
to the optimal measurement scheme. The ground-based interferometry
radar system benefits from high temporal sampling, which is useful for
reducing atmospheric phase delay errors and facilitating tracking of
rapidly moving of landslides (Caduff et al., 2015, 2016). In this study, a
GAMMA portable radar interferometer was employed. It can not only
produce high spatial ("0.75 m in range, 6.8 m in azimuth at 1 km) and
temporal resolution maps of ground deformation, but can also be de-
ployed flexibly to select the observation geometry (Caduff et al., 2015,
2016; Carla et al., 2018). Although the design measurement range is
10 km, the equipment can scan to a maximum distance of 16.9 km in
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Fig. 2. Deployed GBR system and field of view of the landslide during the
measurement campaign (photograph direction: west). The dotted rectangle is
the location of the landslide.

certain campaigns (Xie et al., 2018). The capability of radar determines
the critical phase gradient that can be obtained. The deformation be-
tween two adjacent spatial resolution units in the deformed field should
be less than \./4 (A is the wavelength of the radar, which is 17.4 mm) to
satisfy the requirement of phase unwrapping. Because ground imaging
radar systems have a faster revisit time than satellite systems, the in-
fluence of time decorrelation can be greatly reduced.

To maximize the sensitivity of the GBR equipment in measuring
deformation, the radar's observation vector must as parallel as possible
to the displacement vector (Caduff et al., 2015). Due to the small ele-
vation difference between the equipment and the landslide, the antenna
incidence angle is set to 5 degrees below horizontal to maximize the
sensitivity of the equipment to displacement. Considering the un-
obstructed observation field and the convenience of equipments as-
sembly, the deployed position is approximately 8 km away from the
landslide mass and has a field of view due west (Fig. 2). To encompass
the full view of the landslide boundaries, we selected a 35° rotation
angle and a 6.5km to 9km valid observation distance with respect to
the equipment. The GBR equipment was deployed on Dec. 4, 2018. On
the basis of Caduff’s research (Caduff et al., 2015), we set the average
time interval between scans to 10 min, which can recognize most of the
deformation region without ambiguity and avoid most aliasing effects.
The detailed imaging parameters of GBR are shown in Table S1 in the
supporting information. A total of 775 scenes were collected in this
monitoring campaign.

2.2. Atmospheric error correction of GBR

The GBR operates at a radar frequency of 17.2 GHz (Ku band),
which is sensitive to micro-change of deformation in ground objects.
The high radar frequencies show a high sensitivity to atmospheric
phase delay (Zebker et al., 1997). Therefore, the additional phase
contribution due to the difference in atmosphere conditions such as
temperature and humidity cannot be neglected.

Typically, a linear phase ramp is mixed in the GBR interferograms,
which is likely dependent on the propagation distance of the microwave
during a scanning survey (Wang et al., 2018b). The most commonly
used method is to simulate a distance-dependent linear phase ramp and
then subtract it from the original interferogram (Lowry et al., 2013).
However, in steep mountainous terrain, height-dependent atmospheric
effects can cause strong perturbations, which act as the turbulent at-
mospheric phase presented in the GBR interferogram (Caduff et al.,
2015; Monserrat et al., 2014). The Baige Landslide is located in an area
with steep topography, and the water vapor environment changes
continuously even over the course of a few minutes. The severely
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turbulent atmosphere will superimpose a nuisance signal on the dis-
placement phase and reduce the accuracy of estimated displacements.
All of these issues have posed great challenges to this measurments.

This study adopted a spatial filtering method with a large filter
window for estimating atmospheric path delays. However, the differ-
ence between the original deformation signal and the atmospheric
signal is very large, and filtering interferograms directly will weaken
the intensity of deformation signals and decrease the magnitude of the
deformation results. This work benefits from a sufficient number of
independent observations, and averaging these observations con-
tributes to significantly reducing the phase component related to the
turbulent atmosphere (Rouyet et al., 2017). The average results re-
present the deformation rate throughout the observation period. The
deformation component is reassigned to each unwrapped inter-
ferogram; then, this component is subtracted from the original un-
wrapped phase. The residual phase is mainly composed of the nonlinear
deformation and atmospheric phase. The residual phase is filtered to
mitigate the atmospheric phase error and then to retrieve the nonlinear
deformation signals for each interferogram.

2.3. GBR InSAR time series analysis

The GBR interferometric processing strategy is much simpler than
that of space-borne data. Because of the zero-spatial baseline, the GBR
does not require terrain removal or orbit error corrections. In the
temporal dimension, the interferogram coherence is guaranteed to a
large extent because of short time interval of the observation. Based on
the ideas of the space-borne SAR interferometric time series analysis
method, this paper constructs a ground-based SAR radar time series
deformation algorithm to retrieve the temporal behavior of the land-
slide body.

(1) All small baseline interferometric pairs are processed. Starting from
the single look complex (SLC) image set, interferometric pairs are
generated according to the appropriate registration strategy. We
created a temporal network of interferograms based on the criterion
similar to that of the SBAS algorithm: the adjacent four scenes be-
fore and after each SLC acquisition in time (Berardino et al., 2002;
Lowry et al., 2013), and 2250 interferograms were generated. The
interferograms were subjected to 5 x 5 multilook processing and
analyzed using an adaptive filter (Goldstein and Werner, 1998), and
a minimum-cost flow algorithm was employed to unwrap the phase
with coherence higher than 0.7 (Chen and Zebker, 2002). Then, the
unwrapped interferograms and intensity images were converted
into a Cartesian coordinate system with a resolution of 5m.

(2) High coherence regions were identified based on GBR unwrapped
interferograms and the coherence map. We evaluated interfero-
metric temporal coherence to identify high-coherence regions and
mask the low-coherence areas of the unwrapped phase.

(3) All masked unwrapped interferograms were stacked. The stacking
procedure may reduce obvious phase shifts caused by atmosphere
turbulence.

(4) The deformation accumulation was allocated to each interferogram,
and the reassigned deformation phase was then subtracted from
each original unwrapped interferogram.

(5) The residual phase mainly included atmospheric phase screen error
and nonlinear deformation components. The residual phase was
filtered to mitigate the atmospheric phase error and then the re-
trieved nonlinear deformation signal was processed for each inter-
ferogram. The details are described in Section 2.2.

(6) A singular value decomposition (SVD) inversion was carried out to
obtain the nonlinear deformation rate. The nonlinear rate values
were added back to the mean velocity fields and then accumulating
them. We used a locally weighted linear regression filter with a
filter window size of 0.1 days (144 min, 15 epochs) to smooth the
displacement time series (Handwerger et al, 2019). Lastly,
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temporal deformation evolution was determined.

2.4. Three-dimensional inversion

POT uses image cross-correlation technology to track the change of
the target position in the SAR amplitude and can provide unambiguous
ground displacement measurements to monitor large deformed regions.
The cross-correlation quality is a determining factor used for evaluating
the accuracy of pixel-offset measurements, which is one order of mag-
nitude lower than that of InSAR and approximately one-tenth to one-
twentieth the size of the SAR image resolution unit (Wang and Jénsson,
2015, 2018a). POT does not have cycle ambiguity, and even under the
condition of InSAR decorrelation, it can obtain two-dimensional de-
formation fields from several meters to tens of meters. Although the
accuracy of offset tracking analysis is lower than that of InSAR tech-
nology, this method has incomparable advantages in monitoring strong
deformation fields, such as coseismic and landslide areas (Fielding
et al., 2013; Raucoules et al., 2013; Himematsu and Furuya, 2016). In
addition, the method can extract the deformation field of both the
azimuth and range directions so that the north-south direction of the
deformation can be obtained by the azimuth displacement field.

Space-borne and ground-based instruments have different imaging
geometries, making interpretation of deformation challenging, espe-
cially if the deformation is spatially complex. This paper will combine
two different sources from GBR and POT for inverting the measure-
ments of east/north/up (ENU) deformation (3D deformation)

According to the geometric relationship between POT measurement
and 3D deformation, we assume that when the target is far from the
radar, the range direction deformation d, is positive; in contrast, ap-
proaching the radar, the d, is negative. Assuming d,, is positive when
the deformation is along the azimuth direction, d,;, and d, can be re-
presented by three components of ENU deformation (dy dy dg).

d, = dy cos @ — sin0[dy cos(a — 37/2) + dgsin(a — 37/2)]
dg; = dy0 + dy sin(a — 37/2) — dgcos(a — 37/2) D)

where 6 indicates the angle of incidence of a satellite and a indicates
the angle between direction of satellite flight (heading angle) and north
direction(clockwise).

For GBR, assuming that the incidence angle of the radar is 65, the
angle between the horizontal projection of the radar LOS and the north
direction is ctg. Then, the LOS deformation of the GBR can be decom-
posed into

dg = d, cosbg — dy sin6bg cosag + dg sinbgsinag 2)

By combining the results of offset tracking and GB InSAR, we construct
the following formula:

d, cos@ —sin O cos(a — 37/2) —sin Osin(a — 37/2)) (dy
dez | =10 sin(a — 37/2) — cos(a — 37/2) | dn
dg cosBg sin Og cosag sin O sinag dg

3

The least-squares (LS) method is then used to solve for the 3D de-
formation.

3. Results and analyses
3.1. GBR results

The deformation results of GBR are obtained by using the algorithm
described in Section 2. We investigate how the deformation is dis-
tributed spatially and evolves over time. Fig. 3 shows that the de-
formation is mainly concentrated on the right side of the viewing angle
and centered on the landslide body. The corresponding animation of the
deformation accumulating along the GBR LOS from Dec. 4 to Dec. 10,
2018 is presented in Video Slin the supporting information.
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The landslide is inaccessible because of the dangerous conditions.
Artificial corner reflectors cannot be successfully placed on the land-
slide surface. Thus, GBR image geocoding is a challenge in this com-
plicated geographic environment. There are two steps to solve this
problem.

(1) According to the position coordinates, the azimuth initial, start and
end scanning angles and measuring distance, position of the inter-
ferogram are preliminarily determined. First, the zero-degree azi-
muth of the radar is determined according to the initial azimuth
angle and position of the radar. Then, the scanning range of the
radar is determined based on the azimuth start and end angles.
Finally, the radar imaging region is determined according to the
near range and the far range. See the position of the blue sector box
in Fig. 4.

(2) On the basis of the preliminary correction, displacement maps were
manually geocoded accurately using photogrammetric results and a
high-resolution Digital Surface Model (DSM) derived from un-
manned aerial vehicle (UAV) images collected on Dec. 6, 2018.

The geocoded deformation rate results are superimposed on the
satellite optical image and the UAV-derived DSM in Figs. 4 and 5, and
the 3D view of the deformation rate map is presented in Fig. S1 in the
supporting information.

Fig. 5 shows the enlarged stacking results in terms of the mean
displacement rate. The red dotted line represents the clearly identifiable
boundary of the landslide body. Fig. 5(A) shows that the main de-
formation is distributed along the upper part of the sliding bed. A
maximum LOS displacement rate of “230 mm/day was observed during
the 6-day survey period. There are many decorrelation areas caused by
the rapid motion of sandy soil and the absence of rock outcrops
Fig. 5(B) shows that the maximum inversion residual value is ap-
proximately -3 mm/day. The debris of the landslide accumulates and
falls continuously, which results in the uncertainty of the deformation
characteristics.

After the landslide event on Oct. 11, 2018, 16 real-time GNSS
landslide monitoring devices were deployed at the trailing edge of the
landslide (Fan et al., 2019). Some devices were damaged due to the
collapse of the unstable slope in the second event on Nov. 3, 2018. At
least six GNSS devices are still working. We selected three available
GNSS devices (G1, G2 and G3 in Fig. 5A) with obvious deformation
signals to verify the accuracy of the results of the GBR. Because the LOS
direction of the GBR is nearly horizontal, we projected the GNSS hor-
izontal deformation results with 1-h sampling interval to the LOS-
parallel direction to compare the consistency between the results of
GBR and GNSS (Fig. 6). Fig. 6A and B represent points G1 and G2,
respectively, in Fig. 5, which are located on the left trailing edge of the
landslide. Fig. 6C represents point G3, which is located on the right
edge. For GNSS, the deformation signal exhibits obvious periodic var-
iation, which may be caused by the multi-path effects (Atkins and
Ziebart, 2016). For GBR, the deformation evolution results are much
smoother because we used a linear regression filter in the time series
analysis stage. Comparing the results of GNSS and GBR, we can de-
termine that the deformation trends of the two measurements maintain
high consistency.

We selected six representative points (P1-P6) for the locations of the
largest local deformation rates in Fig. 5(A) and analyzed the deforma-
tion characteristics of these points over time in Fig. 7. All the de-
formation characteristics are coincident, and the maximum cumulative
deformation of point 1 is approximately 1400 mm. This point is located
at the left trailing edge of the landslide mass (looking toward the sliding
direction). The deformation rates of point 2, point 5 and point 6 re-
mained relatively stable during the period from Dec. 5 to Dec. 9, 2018,
while the rates of point 1, point 3 and point 4 increased slightly, mainly
due to the disintegration of fractured bedrock (Deng et al., 2019).
However, from Dec. 9 to Dec. 10 the overall deformation rate of several
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points decreased, which also indicates that these marginal fracture
areas are gradually becoming stable.

3.2. Space-borne SAR pixel-offset tracking (POT)

We collected an ascending track of COSMO-SkyMed SAR data with
3m resolution acquired on Nov. 30 and Dec. 11, 2018. Gamma
Software was used (Werner et al., 2010) to process the entire procedure
of the pixel offset tracking. The average slip rate of the landslide in
Fig. 8 shows that there is a phenomenon similar to interferometry de-
coherence in certain areas of the landslide surface. This phenomenon

occurs largely due to the surface weathered debris and sand. The signal
characteristics of these areas on the SAR images change over time, so
these points will be excluded during offset tracking processing. In the
azimuth offset displacement fields, the positive and negative values
represent displacement along and opposite to the satellite flight direc-
tion, respectively. A maximum deformation rate of —350 mm/day
along the azimuth direction is identified (Fig. 8A). There are many
negative value dots on the left side of the sliding bed (assuming our line
of sight is in the direction of radar signal propagation), which represent
the opposite direction of the satellite orbit. The negative value dots
indicate that the left landslide body moves toward the middle



Y. Li, et al.

98.7°

98 705

Int J Appl Earth Obs Geoinformation 84 (2020) 101949

9871°

31.085°

31.08°

31.085°

31.08°

98.695° 98.7°

31.085°

31.08°

31.085°

31.08°

1( 4 !:O_(mm/day)

98. 705

9871°
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(P1-P6) were selected for the time series in Fig. 6. (B) The residual results of InSAR stacking. The colour version of this figure is available only in the online version.

(southward), while the dots with positive values on the right side of the
landslide indicate that the landslide body in these positions moves to-
ward the center of the landslide bed. In the range offset displacement
map (Fig. 8B), the positive and negative values represent displacement
away from and toward the satellite, respectively. A maximum de-
formation rate of 400 mm/day along the range direction is identified.
Because the signal propagation direction of the satellite is consistent
with the movement direction of the landslide body, the deformation
field mainly moves away from the satellite. The westward movement
points are not very obvious, which corresponded with the results of the
GBR, indicating that the deformation in these areas is mainly moving

toward the river.

3.3. Three-dimensional results

In this study, the antenna incidence angle of GBR was set to 5 de-
grees below horizontal and the radar signal can be considered to pro-
pagate nearly parallel to the surface. Therefore, the radar signal is
sensitive to horizontal deformation, but the displacements perpendi-
cular to the LOS direction are missed (Bardi et al., 2014). This phe-
nomenon is one of the limitations of the GBR technique, and thus, by
combining satellite and ground-based SAR observations, we can obtain
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a 3D deformation result (Corsini et al., 2006; Bardi et al., 2014; Frodella
et al., 2016; Carla et al., 2018; Wang et al., 2018b,c).

According the method presented in Section 2.4, we obtain the re-
sults of the quasi-3D deformation fields (Fig. 9), which show that the
obvious deformation characteristics in the three-dimensional deforma-
tion field correspond to the region with large deformation regions in
Fig. 5A. Because the deformation is too small to be measurable using
the POT technique in the trailing edge area (Fig. 8), 3D deformation
results are mainly concentrated on the landslide surface. The position
and direction of the arrows indicate that the deformation is mainly
distributed on the sliding bed and the boundary of the trailing edge and
sliding bed. The moving rock mass converges to the center of the sliding
bed, which is consistent with the 3D landslide landform in Fig. S1. The

1500 . ——

residual rock and debris at the posterior margin of the sliding bed
converge to the middle and then move downward to the river.

4. Discussion
4.1. Stability analysis of the landslide body

The results of the ground-based and space-borne radar observations
show that the main deformation occurred in the weathered area above
the bedrock and that there is no obvious deformation below the bed-
rock line of the landslide, which is presented in Figs. 8 and 9. The re-
sults in Fig. 9 show that the spatial distribution of the deformation is
heterogeneous. Very large deformation only appeared in certain local
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Fig. 7. Cumulative deformation of six selected points during the 6-day survey. The red dotted line represents the demarcation line of deformation rate change in time,
and the gray rectangles indicate the overall deformation rate trends for two time periods. The colour version of this figure is available only in the online version.
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areas, which indicates that the overall landslide is in a relatively and
transitorily stable state. According to the shape of the slide bed and the
material of the surface, the landslide can be divided into highly
weathered areas, weakly weathered areas, and bedrock areas (Fig. 10).
The findings show that the bedrock is very stable and that there is no
new separated block. The weathered materials above the bedrock line
are loose and easily deformable, and are supported and stabilized by the
lower bedrock. Currently, large landslides will not form because there
are no new separated blocks in the lower part. Both the highly and
weakly weathered areas were filled with looser and weaker rock mass,
which lacks cohesive strength and can be considered more easily col-
lapsed than bedrock. The area below the bedrock line is composed of
slightly weathered or fresh rock. The deformation results noted above
show that there is no obvious displacement in this area. Therefore, the
bedrock below the landslide body is stable. As shown in Fig. 10, Joint 1

98.695°E 98.70°E

31.085°'N

31.08°N

98.705°E

and Joint 2 in the bedrock had formed a sliding aisle before the land-
slides occurred. The existence of the two joints could be considered as
one of the root causes of these landslides. Another root cause is the
weak strength of the weathered areas above the bedrock, as discussed
above. Currently, the upper landslide bodies have slid into the Jinsha
River, and no new sliding aisle or new dangerous joints were found
from the current optical image data. The weathered rock mass above
the bedrock line is relatively stable based on the strong supports of the
bedrock, except for certain partly small-scale partial collapses.

Since the second Baige landslide event on Nov. 3, 2018, the land-
slide remnants have been in constant adjustment and deformation.
These changes have mainly manifested as small collapses and the ac-
cumulation of loose deposits in the landslide trough. Due to the smaller
thickness of the deposits (1-3 meters), there is little possibility of large-
scale sliding, and there is a small possibility of the river being blocked

98.71°E

31.085°N

31.08'N

Fig. 9. Quasi-3D displacement fields using space-borne and ground-based observations. The colour version of this figure is available only in the online version.
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%

Fig. 10. Partitioning and stability analysis of the landslide body from close-range photography. The red arrows indicate the direction of landslide movement
interpreted from the 3D deformation fields. The colour version of this figure is available only in the online version.

by sliding alone. Some of the rock and debris may enter the river, but
there will be no long-term narrowing of the river and no significant
change in the flow capacity of the river.

4.2. Distributed and deformation characteristics of trailing edge cracks

After the Baige landslides, a high and steep slope is newly formed on
the back wall and left and right sides of the landslide trough. The stress
adjustment of the new slope is still in progress. The second landslide on
November 3, 2018, was the result of this adjustment. At present, the
slope has not reached a stable state, which is also confirmed by the
existence of a large number of cracks in the back edge and left and right
slopes of the landslide (Fig. 11).

We selected six of the remaining available GNSS devices for de-
formation time series analysis (white rectangular points in Fig. 11). The
time period we selected ranged from Dec. 2 to Dec. 12, which covers the
time period of ground-based radar monitoring in this paper. Two de-
formation components with horizontal and vertical orientations were
employed to identify the stability of the trailing edges, and a 1-day
sampling interval was used. Taking Dec. 2, 2018 as the reference time,
we analyzed the cumulative deformation of horizontal and vertical
deformation (Fig. 12). The results show that the horizontal deformation
is obviously larger than the vertical deformation. The maximum de-
formation rate of G2 is up to 12 mm/day horizontally and 6 mm/day
vertically. On the right and back side of the trailing edge, the de-
formation is relatively small, only 1-3 mm/day (see G3 in Figs. 11 and
12).

After the occurrence of the two large-scale landslides, some
weathered rock and debris still exist in the source area. More attention

should be paid to the trailing edge of the landslide, especially on the left
side, although the volume of the rock mass is not as large as in the
previous two events. The scale of the cracks will directly determine the
stability of the slope, which impacts on upstream and downstream
reaches. If these cracks collapse at the same time, the rock and soil
entering the river may cause river narrowing. These impacts will not be
obvious if the adjustment is accomplished by long-term and small-scale
landslides.

4.3. Risk of landslides in the future

Landslides are caused by instability of rock and soil under many
internal and external dynamic actions. There are a large number of
remnants around the sliding trough that have lost support or are under
traction due to the landslide. These remnants have been cut by a large
number of cracks and separated from the parent slope. Their stability is
poor, and the remnants landslides will inevitably occur again with
different scales. Slope movement occurs when the force applied on the
slope (mainly due to gravity) exceeds the strength of the rock. Two
main factors may trigger the gravity force effects on the trailing edge of
the Baige Landslide.

(1) Seismic activity. In steep topographic relief and landslide-prone
areas, earthquakes greatly increase the likelihood of landslides and
have been inferred as one of the main predisposing factors of fre-
quent landslide disasters (Li et al., 2019). Several large earthquakes
have occurred near the location of these two landslides within
125km range, such as the 1842 Zongguo earthquake (Mw 7.3),
1870 Batang earthquake (Mw 7.2) and 1989 earthquake (Mw 6.5),
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Fig. 11. Orthophoto map acquired from the UAV platform on Dec. 6, 2018. The blue
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dotted lines in the picture are interpreted as landslide cracks. The white

rectangular points represent the location of GNSS satellite displacement monitoring sites. The red polygon represents the landslide body region. The colour version of

this figure is available only in the online version.

but no earthquakes larger than Mw 6.0 were reported in the past
100 years within 50 km (Fan et al., 2019). Two earthquakes oc-
curred more than 100 km away from the landslide site on Dec. 13,
2018, and Jan. 5, 2019. The magnitudes of these earthquakes were
Ms 4.9 and Ms 3.1, respectively. The GNSS observation results show
that two small earthquakes have little effect on the landslide state
unless an earthquake of moderate or high intensity occurs in the
area (supporting information Fig. S2).

(2) Water. The immersion of the slope in water is another main factor

that may lead to landslides. This effect may be caused by heavy
rainfall, snow melt, and changes in the groundwater level. Starting
in May of each year, the region enters the rainy season and ice and
snow begin to melt. Therefore, the precipitation gradually increases
and the stability of landslides during this period requires additional
monitoring.
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Fig. 12. Cumulative deformation of six GNSS measurements in trailing edge regions. Each measurement includes two components: horizontal and vertical.
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4.4. Improvement scheme of GBR measurements

In this paper, ground-based SAR is used to monitor the near real-
time deformation of landslides. Comparing the results from ground-
based radar and POT, it can be seen that the maximum deformation rate
of ground-based radar is smaller than that of POT. This difference
mainly arises because there are many obvious incoherent areas in
ground-based radar results, which are relatively large deformation
areas that exceed the deformation gradient limits of GBR, resulting in
the void of the deformation field. Therefore, we summarized the
characteristics of GBR devices and the particularity of this landslide and
propose the following improvement scheme for future ground-based
radar monitoring of similar landslide circumstances.

(1) Increasing sampling frequency. A 10-minute sampling interval is
used in this paper. There are still obvious decoherence and atmo-
spheric error effects in the interferogram. To suppress the effects of
decoherence and atmospheric errors, the data acquisition frequency
should be increased, for example, once every 5 min.

(2) Close-range observation. Because of the limitation of the geo-

graphical location of landslides in this study, the GBR is deployed at

a distance of 8 km, causing several insurmountable observational

constraints, e.g., low resolution and atmospheric environmental

change. Therefore, it is necessary to increase the close-range ob-
servation in the future measurement work.

Multi-angle measurement. Due to the influence of single observa-

tion angle, it is impossible to fully characterize the deformation

characteristics. Multi-angle surveys could avoid topographic sha-
dowing effects and maximize displacement signals in the slope-
parallel direction.

3

~

5. Conclusion

Based on ground-based radar deformation observations from Dec. 4
to Dec. 10, 2018, and space-borne SAR data pixel offset tracking, the
deformation characteristics of residual rocks and debris in the sliding
bed after two Baige landslide events in 2018 were analyzed. To better
identify the boundary and deformation distribution of the unstable
areas, the comprehensive results derived from ground-based and space-
borne radar sensors revealed that the sliding bed is currently in a re-
latively stable state except some residual rock masses and debris.
However, there are many obvious cracks in the trailing edge of the
landslide, which are still in a constant state of deformation. Although
their moving rate is much smaller than that of the residual rock mass
and debris on the sliding bed, their volume is relatively large enough to
narrow the river. Therefore, the stability of these areas needs to be
closely monitored, especially during the rainy season.

By characterizing the deformation of landslides in real time, the
relationship between the information and the evolution stage of land-
slide disasters can be mapped. SAR/InSAR technology can be used to
obtain the surface deformation of the landslide body and to char-
acterize the sliding scale, active stage and development trend of the
landslide mass. To compensate for the inadequate observation cap-
ability of the space-borne SAR/INSAR system (observation direction
and continuous monitoring), the recent combined application of
ground-based SAR and space-borne SAR/InSAR has been important for
early identification of new landslides, long-term monitoring of old
landslides and stability evaluation after large landslides.
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