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A New Deformation Enhancement Method Based
on Multitemporal InSAR for Landslide

Surface Stability Assessment
Youfeng Liu , Honglei Yang , Runcheng Jiao, Zeping Wang, Liuyu Wang , Wei Zeng, and Jianfeng Han

Abstract—The complex terrain and abundant ravines in the
western mountainous areas of Beijing have led to dramatic changes
in the geological environment. Monitoring and assessing the sta-
bility of landslide surfaces is of great significance for disaster
prevention and ensuring the safety of the capital city. According
to the spatial similarity characteristics of landslide surfaces, we
propose a new interferometric synthetic aperture radar (InSAR)
deformation enhancement method by taking into account the time-
series deformation information of spatially adjacent homogeneous
monitoring points. Taking Dongjiang Gully, Beijing as a typical
study area, using multitemporal InSAR technology, 80 scenes of
RADARSAT-2 data from September 2016 to September 2022 were
processed to obtain their time-series surface deformation to verify
the advantages of the proposed method. The results show that the
standard deviation of the deformation difference of all monitoring
points is generally reduced after the deformation enhancement, and
the mean value is reduced from 5.1 to 3.3, which is 35.2% lower in
comparison. Then this study assesses the stability of the landslide
surface based on the deformation enhancement results. First, the
optical image interpretation was combined with the angular dis-
tortions derived from deformation gradients to analyze the spatial
location and boundaries of the landslide, and then to identify the
infrastructure that is more susceptible to landslide impact. Second,
through the principal component analysis method, the correlation
between each component and the distribution characteristics of
surface deformation was analyzed. Finally, starting from geological
factors and triggering conditions, the driving force for landslide
surface deformation was discussed, and it was drawn that seasonal
precipitation is a major influencing factor. The proposed method
can provide a reference for landslide monitoring and assessment in
similar areas.

Index Terms—Deformation enhancement, mountain landslide
surfaces, multitemporal interferometric synthetic aperture radar
(InSAR), stability assessment.
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I. INTRODUCTION

AMONG the various geological disasters commonly seen in
China, landslides generally have the highest frequency and

are the most common type of geological disaster in mountainous
areas [1]. Currently, it is slightly unfortunate that most of the
landslides that have received much attention and study are
located in southwestern China, and relatively few studies have
been conducted on landslides in Beijing [2], [3], [4]. Beijing’s
mountainous areas account for approximately 62% of its total
area. The western part consists of the Western Hills, which are
a remnant of the Taihang Mountain range. This region is par-
ticularly susceptible to geological disasters such as landslides,
mudslides, and landslide collapses. Among them, Dongjiang
Gully has complex topographic features and developed faults,
making it highly representative in the western hills of Beijing
[5]. Additionally, seasonal precipitation and other triggering
conditions may affect surface stability, leading to landslides
that endanger roads and buildings and cause significant losses.
Therefore, it is crucial to conduct deformation monitoring and
stability assessments in this area.

With the advancement of space information technology, the
methods of identifying and monitoring geological hazards, such
as landslides, have changed tremendously [6]. Interferometric
synthetic aperture radar (InSAR) remote sensing technology,
which is not limited by factors such as season, time of day, and
weather, and especially because of its wide monitoring range,
has recently become one of the main technological tools in the
field of observation of deformation of the terrain [7]. In 2000,
Ferretti et al. [8] pioneered the concept of permanent scatter-
ers (PS) and provided a complete data modeling and solution
method in PSInSAR. Numerous scholars at both domestic and
international levels adopted a large number of related techniques
and theories to improve and extend the method in the following
ten years, and finally formed the technical theory system of
multitemporal InSAR [9], [10], [11], [12], [13]. In particu-
lar, multitemporal InSAR techniques such as small baseline
subset InSAR (SBAS-InSAR) [14], temporarily coherent point
InSAR (TCP-InSAR) [15], and SqueeSAR [16] have emerged.
These multitemporal InSAR techniques measure large-scale sur-
face deformation with millimeter-level accuracy and have been
widely applied in the identification, investigation, monitoring,
and risk assessment of seismic [17], landslide [18], [19] and
other hidden dangers, and their advantages have been reliably
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proven. For landslide areas dominated by mountainous terrain,
PS-InSAR may lose coherence during long-term monitoring,
while SBAS-InSAR and SqueeSAR technologies have more
obvious advantages [20]. The distributed scatterer (DS) concept
in SqueeSAR technology identifies statistically homogeneous
pixels (SHP) with similar backscatter characteristics, making it
capable of monitoring deformation on vegetated mountainous
terrain [21], [22], [23].

Postprocessing of InSAR deformation monitoring results to
make them more accurate and comprehensive for surface anal-
ysis is also a current research hotspot [24]. Most assessments
of landslide surface deformation are based on InSAR results,
with spatial location and extent of deformation determined by
setting stability thresholds [21], [25]. However, it is difficult to
determine a uniformly appropriate stability threshold because of
the great inconsistency in the spatial and temporal deformation
patterns and damage mechanisms of different landslides in the
same or different regions. There is also the use of differential
settlement of InSAR monitoring results to analyze the spatial
extent of surface faults, cracks, and deformations [26], [27].
Additionally, from the perspective of long-term InSAR defor-
mation monitoring data of all monitoring points within a study
area, characteristics of the entire data matrix are analyzed using
principal component analysis (PCA) [28], [29], [30], R/S analy-
sis [31], and exponential models [32], [33] to assess surface de-
formation patterns and evaluate disaster risks. Previous studies
have focused solely on evaluating deformation time series and
comparing them with external triggering factors such as rainfall
to assess landslide surface stability. In reality, landslide surfaces
have relatively uniform features, primarily consisting of soil,
rocks, and vegetation, and exhibit a certain degree of spatial sim-
ilarity. Based on the time series, research that takes into account
spatial similarity is still relatively limited [34]. Therefore, our
new approach focuses on both temporal deformation changes
and the spatial characteristics of such changes within a regional
context, extending the work done previously. This represents
a further step forward in assessing the stability of landslide
surfaces.

In this study, we used multitemporal InSAR technology to
process 80 C-band RADARSAT-2 data covering the Dongjiang
Gully from 2016 to 2022, aiming to obtain information on
landslide surface deformation. Using the time-series deforma-
tion results, we enhanced the InSAR deformation by taking
into account spatial similarity, reducing the noise in the de-
formation signal, and providing higher-quality data for surface
stability assessment. Then, based on the differential deforma-
tion of adjacent monitoring points, we analyzed the possible
external edges of the landslide body. Meanwhile, we used
PCA to analyze surface temporal deformation features. Fi-
nally, by combining the InSAR deformation monitoring results,
we analyzed and discussed the possible influencing factors of
landslide activity from both geological factors and triggering
conditions. The research results can provide reference and
guidance for landslide deformation monitoring and stability
assessments in Dongjiang Gully and other similar mountainous
areas.

II. STUDY AREA AND DATA

A. Study Area

Dongjiang Gully is situated in the western mountainous area
of Beijing. The administrative division belongs to Shijiaying
Township, Fangshan District, Beijing, and is under the juris-
diction of Jinjitai Village. It ranges in longitude from 115°41′E
to 115°43′E and in latitude from 39°52′N to 39°55′N, at an
altitude of between 600 and 1600 m above sea level, with a
gradual increase in elevation from south to north, and rugged
terrain [Fig. 1(a)]. The study area is mainly distributed in the
stratigraphic unit of the Lower Middle Jurassic Coal Yougou
Formation, with shale and siltstone as the main rock types, and
the fracture structure is developed, with a general NE trend and a
dip angle of 50°–80° [Fig. 1(b)]. The climate type of the region is
continental monsoon. The summer is hot and humid, which is the
season with the most concentrated precipitation in a year, result-
ing in lush vegetation. The winter is relatively dry, with mainly
snowfall, and the leaves fall and grasses dry up. Fig. 1(c) shows
the normalized difference vegetation index (NDVI) data for the
study area and it is seen that over a wide area, the NDVI values
are greater than 0.4, indicating that the area is dominated by veg-
etation cover (https://app.climateengine.org/climateEngine). In
contrast, NDVI values are lower in areas such as residential
settlements and bare land.

By referring to the multitemporal InSAR monitoring results, a
field survey was conducted along the mountain road to the defor-
mation area, and slopes showing signs of slippage were visually
observed and then photographed. After the field investigation, it
was found that the area has high mountains, dense trees, winding
roads, and a complex terrain and landscape environment. Fig. 2
shows the site photographs taken during the April 19, 2023, field
reconnaissance, with specific locations labeled in Fig. 1(a). In
addition, some obvious breaks and steep and gentle junctions
are depicted (red dashed lines). It can be seen that the site is
difficult to be monitored manually by traditional monitoring
means such as level and total station, while some hidden ground
cracks exacerbate the safety risk of manual monitoring and site
investigation. The surface of the large-scale rolling steep hills
is covered by vegetation, especially in the summer when the
vegetation is dense, which also leads to the weak backscattering
characteristics of the surface, and becomes a major obstacle
for traditional remote sensing monitoring means. In addition,
on the surface of steep slopes, the rock structure is relatively
fragmented, and factors such as heavy rainfall are very likely to
accelerate slope sliding, posing a safety threat to local build-
ings and personnel. To sum up, the geological environment
in the study area is complex, with many hidden geological
hazards, making it feasible and necessary to conduct monitoring,
research, and analysis.

B. Data

This study uses the C-band RADARSAT-2 descending orbit
SAR dataset collected by the Canadian Space Agency, which
completely covers the study area with a range and azimuth

https://app.climateengine.org/climateEngine
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Fig. 1. Overview of the study area. (a) Coverage and geographic location. (b) Geological map (scale 1: 2 50 000 provided by the National Geospatial Advisory
Committee of China). (c) NDVI distribution.

TABLE I
SAR IMAGE DATA PARAMETER INFORMATION

resolution of 2.66 m and 2.48 m, respectively, and a 24-day
revisit period. The 80 SAR images used in this study span
from September 24, 2016 to September 17, 2022, with specific
parameters shown in Table I. In addition, this study employed
drone-based aerial survey technology to collect images of the

study area and generated a high-precision digital elevation model
(DEM) which has a ground resolution of 2.5 m. This DEM
was used to geocode the SAR data and subtract the phase
component related to terrain from the interferogram. Meanwhile,
high-resolution photographic images are collected to illustrate
detailed and intuitive landscapes.

The daily precipitation data for the research period can
be downloaded from the European Centre for Medium-Range
Weather Forecasts (ECMWF) database to assist in analyzing
time-series deformation results.

III. METHODS

This study uses multitemporal InSAR to process
RADARSAT-2 data and finally obtain the surface time-series
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Fig. 2. (a)–(d) are photographic images of different locations, with their respective specific locations shown in Fig. 1.

deformation information. Then, the deformation results are
enhanced from the spatiotemporal dimension. The landslide
surface stability is evaluated using deformation difference and
PCA methods, as shown in Fig. 3.

A. Multitemporal InSAR Processing

The widespread distribution of vegetation, the minimum 24-
day satellite revisit period, and the interference of factors such
as precipitation and human activities have seriously weakened
the coherence of the interferograms. Therefore, we used the
SqueeSAR method to select DS points and combined it with
the SBAS technology to estimate surface deformation, with
the aim of selecting as many monitoring points as possible
while ensuring monitoring accuracy to meet the requirements
of result analysis [22], [35]. Multitemporal InSAR processes
RADARSAT-2 data in the GAMMA software, with multilooking
using 1× 1 (range× azimuth). The temporal baseline and spatial
baseline thresholds are set to 96 days and 415 m, respectively,
resulting in a total of 146 sets of interferograms. The phase of
the ith interferogram is expressed as follows:

Φi = ϕi
ref + ϕi

top + ϕi
def + ϕi

atm + ϕi
noi + 2kπ (1)

where ϕref ,ϕtop,ϕdef , ϕatm, and ϕnoi are the reference ellip-
soid phase, the topographic phase, the deformation phase, the

atmospheric phase, and the noise phase, respectively; k is the
ambiguity of the whole cycle. The reference ellipsoid phase
can be calculated and removed based on the SAR imaging
parameters and image slant distance. Topographic phases are
then removed based on external DEM data. Gaussian filtering
and NL-MMSE method [36] are used to optimize the phase of
the interferogram sequence, improving its coherent signal and
phase quality. Considering that the study area has a wide range of
observations and significant height variations, the atmospheric
phase is corrected by a linear regression model related to slant
range and height.

ϕi
atm = a0 + a1 ∗ r + a2 ∗ r ∗Δh (2)

where a0, a1, a2 are the coefficients; r is the slant range between
the radar and the point target; Δh is the height difference be-
tween the point target and the reference point. In the SqueeSAR,
the hypothesis test of confidence interval (HTCI) algorithm is
applied to identify the SHP of each pixel in the image based on
the temporal amplitude information [37], [38]. The number of
SHP is counted, and then a certain threshold is set, and those
greater than this threshold are defined as DS candidate points
(DSC). Phase optimization of the interferogram sequence is
performed based on DSC, and its quality is evaluated by the
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Fig. 3. Flowchart of multitemporal InSAR processing and landslides stability assessment.

temporal coherence value γ.

γ =
1

M
Re

M∑
nk=1

eiφnke−iφ̂nk (3)

where φnk is the original interferogram, φ̂nk is the optimized in-
terferogram, andM is the number of interferogram. We consider
DSC with temporal coherence greater than 0.4 as the final DS.
To further improve the selection quality of monitoring points,
we use the amplitude difference index less than 0.4 to select
PS. It should be noted that in the predominantly mountainous
study area, the number of selected PS is usually small and it is
hard to satisfy research requirements. Therefore, this study will
jointly select DS and PS as monitoring points. The minimum cost
flow method is applied to unwrap the phases of the monitoring
points, and then the unwrapped phases are filtered in the spatial
and temporal domains to attenuate the impact of atmospheric
delay and noise. Finally, the time-series deformation of the mon-
itoring point is derived through singular value decomposition
(SVD).

B. InSAR Deformation Enhancement

Considering that mountainous areas have simpler landforms
compared to urban areas, they exhibit spatial similarity within
a nearby area. Currently, the analysis of InSAR deforma-
tion mostly focuses on the monitoring results of individual
monitoring points, neglecting the spatial relationships between
them. Therefore, based on the resolution of the SAR data and
prior experience, we set a neighboring window for the central

monitoring point, select spatial and temporal homogeneous
monitoring points within the window, and then use spatial
inverse distance weighting (IDW) to enhance the time-series
deformation of the central monitoring point. By conducting
InSAR deformation enhancement, we can reduce noise while
maintaining spatial consistency in deformation.

Fig. 4 shows the schematic diagram of InSAR deformation
enhancement. Within a certain window, the monitoring points
are first screened in the spatial dimension based on the distribu-
tion of the center point’s SHP. Then, in the temporal dimension,
the Kendall correlation coefficient is calculated to further filter
the monitoring points [39]. IDW is applied to the remaining
monitoring points to enhance the time-series deformation of the
central monitoring point. Additionally, to prevent sudden noise
or abnormal values in the time series deformation, we use the
Hampel method to detect and filter out the center monitoring
point, completing the deformation enhancement [40].

The HTCI algorithm utilizes temporal amplitude informa-
tion to compare the similarity between the center point and
neighboring points within the window, and selects homogeneous
points based on the idea of hypothesis testing in statistics.
Assuming that SAR image intensity sequence (I) obeys Rayleigh
distribution (4), and the variance of random variables is σ2/2.
By the property that the coefficient of variation (CV ) of the
Rayleigh distribution is constant, for radar data with multilook
L, CV ≈ 0.52/

√
L. Settings μ̂cen(p) and μ̂neig are the average

values of the temporal amplitudes of the reference pixel p and
its neighboring pixels, respectively. Relative to the center point,
if the samples of neighboring points within the window satisfy
the given confidence interval α, they are considered to be SHP
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Fig. 4. Schematic diagram of InSAR deformation enhancement. (Assume that in a 7 × 7 window, the dark red solid circle represents the central monitoring point,
the green and dark red solid circles represent the distribution of all monitoring points, the blue solid circle represents the SHP distribution of the central monitoring
point, the orange solid circle represents the point that is both the monitoring point and the SHP, and the magenta solid circle represents the point further screened
by Kendall coefficient, and the central monitoring point is finally represented as an orange solid circle after the deformation enhancement.).

of the center point (5) [41], [42].

f (I) =
1

σ2
e−

I
σ2 , I ≥ 0 (4)

P
{
μ̂cen (p)− z1−α/2 · 0.52 · μ̂cen(p)/

√
N · L < μ̂neig < · · ·

μ̂cen (p) + z1−α/2 · 0.52 · μ̂cen (p) /
√
N · L

}
= 1− α. (5)

The Kendall coefficient belongs to the statistical theory that
is used to calculate the degree of correlation between multiple
ranked variables. Because surface deformation is continuous in
time and within a small range, its overall trend is usually mono-
tonic and similar, so this coefficient can be used to calculate the
temporal deformation correlation between monitoring points.
The calculation formula is as follows:

Ken =
C −D√

(N3 −N1)(N3 −N2)

N1 =
s∑

i=1

1

2
Ui(Ui − 1);N2 =

s∑
i=1

1

2
Vi(Vi − 1);

N3 =
1

2
N(N − 1). (6)

In the formula, C represents the number of deformation values
that are consistent between the central point and neighboring
points, while D represents the number of inconsistent deforma-
tion values. N1 and N2 are calculated based on the temporal
deformation of the center point and the neighboring points,
respectively. Taking N1 as an example, the same deformation
values in the temporal deformation of the center point are
combined into a small set, where s represents the number of
small sets and Ui represents the number of deformation values
contained in the ith small set. Similarly, N2 is calculated based on

the temporal deformation of the neighboring points. The value
of Ken ranges from −1 to 1, and the closer its value is to 1,
the more consistent the deformation between the center point
and the neighboring points. In this study, points with a Kendall
coefficient greater than 0.6 are considered to be spatiotemporal
homogeneous. Then, calculate its IDW, such that.

wIDW = h−1
i

/
NP∑
p=1

h−1
i . (7)

wIDW is determined by h (Euclidean distance), which is cal-
culated by the center point and the spatiotemporal homogeneous
points;Np is the number of spatiotemporal homogeneous points.

The Hampel method uses a sliding window to detect the
time-series deformation value of the central monitoring point
after IWD. First, take a window of odd length, then calculate
the median of the samples within the window. Use the absolute
median to estimate the standard deviation of each sample from
the median. A threshold is set using a multiple of the standard
deviation, and when a sample value differs from the median
by more than the threshold, that sample value is considered an
outlier and replaced with the median. The setting of the window
size depends on the time interval of the SAR data. Based on
processing experience, SAR data with a longer time interval
should be assigned a smaller window size to avoid increasing
detection errors across seasons or years [40]. On the other hand,
SAR data with a shorter time interval can have a larger window
size to avoid missing short-term anomalies. Based on the multi-
ple of the standard deviation to set the threshold, the quality of
outlier detection can be controlled. By setting a lower threshold,
the filtering standard becomes more stringent, making it easier
to identify more outliers. In this study, the size of the sliding
window is defined as 5, representing a period of approximately



11092 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 17, 2024

120 days, with quarterly sliding units to minimize cross-seasonal
detection errors, and empirically, a standard deviation of 2 times
is set as a more appropriate threshold.

C. Landslide Surface Stability Assessment

According to III-B, in mountainous areas with spatial sim-
ilarity, the deformation enhancement method is essentially an
optimization of deformation monitoring results. Its purpose
is to provide higher-quality monitoring results for subsequent
surface deformation analysis, stability assessment, deformation
prediction, and other related studies. Thus, the assessment of
landslide surface stability in this section is based on the results
obtained after deformation enhancement, which also serves as a
test for the deformation enhancement method.

1) Differential Deformation and Angular Distortions: The
slowly moving landslide surface, which occurs year-round, is
the most suitable monitoring target for the time-series InSAR
technique. It has significant deformation differences compared
to the stable rock and soil surface around it, especially at
the boundary. Based on the spatial deformation patterns of
the surface, at the boundary of a landslide, tension cracks or
misalignment often form, resulting in significant differential
deformation. Therefore, the deformation difference (gradient)
between monitoring points can be calculated to analyze and map
the boundaries of the landslide. The high gradient determines
the sudden change in deformation patterns, thus identifying the
area with the most significant horizontal stress. Therefore, for
the stability assessment of surface deformation, information on
deformation gradients can be used in addition to deformation
rates or accumulated deformation. The gradient of a deformation
between two points is defined as the ratio of the differential
deformation variableΔdU to the horizontal distance l [27], [33].

hU =
ΔdU

l
. (8)

Then, the inverse tangent function of the horizontal gradient
is used to derive the angular distortion β.

β = arctanhU . (9)

The calculated value of hU is dimensionless and presented as
a percentage; the unit of β is given in degrees. The larger the
angular distortion β values, the more significant the deformation
within a short distance, which is most likely the sliding boundary
of the landslide. First, we convert the cumulative deformation
from LOS direction to vertical direction based on the radar
incidence angle and use it as the input value. Then, we calculate
the difference in cumulative deformation between the central
monitoring point and the surrounding eight monitoring points.
The horizontal gradient of the central monitoring point is also
derived from the horizontal distance. In this way, there can be
a maximum of eight horizontal gradient values, and we select
the maximum value as the horizontal gradient of the central
monitoring point. We then derive the angular distortion values
for all monitoring points. Finally, based on the spatial distribu-
tion characteristics of β value, combined with optical images
and visual interpretation results, we evaluate and analyze the
stability of landslide surfaces.

2) Spatiotemporal PCA: Time-series deformation monitor-
ing data often contain different components, and time series
decomposition is a commonly used data processing strategy. In
this article, the PCA method reduces the effective dimensionality
of the dataset while maintaining the characteristics of the data,
and concentrates the data information in a small number of
principal components. We implement PCA using the SVD of
the time-series deformation data matrix.

P = XW (10)

X = UΣWT . (11)

X is the matrix of time-series deformation form× n, where m
is equal to the number of monitoring points and n is equal to the
number of time series data [30]. After performing SVD on X, we
obtain three matrices U,Σ and W, where U and W are orthogonal
matrices. W is the eigenvector of the data covariance XTX ,
where T denotes transpose. Σ is a diagonal matrix, whose diago-
nal elements are the singular values. These singular values reflect
the characteristics of the original matrix X, especially in data
compression and noise reduction. The magnitude of the singular
values indicates the importance of each component, and different
singular values will correspond to different intensities of the
scattering signal. P is the score matrix of principal components
(PCs) with m rows and n columns. Therefore, the score map of
P and the eigenvector of W characterize the temporal and spatial
features of the deformation results, respectively. Arranged by
the magnitude of eigenvalues, the cumulative contribution rate
of the first six PCs reached 87%, indicating a relatively high
proportion. Based on experience, the first six PCs are retained
for analysis in this study, ignoring subsequent components that
may represent tropospheric artifact turbulence or other noise.

IV. RESULTS AND DISCUSSION

A. Deformation Monitoring Results

Multitemporal InSAR ultimately obtained 3 92 333 monitor-
ing points, with a high distribution density that can provide
detailed information on the deformation distribution characteris-
tics of the surface. Fig. 5(a) shows the results of deformation rate
in geographic coordinate system. In order to mitigate long-wave
noise, we picked a phase unwrapping reference point in the
relatively stable residential area and obtained the minimum
rate value of −45.2 mm/yr and the maximum rate value of
36.3 mm/yr through inversion. The deformation rate is mostly
within the range of −15–15 mm/yr, indicating that most of the
surface in the study area is relatively stable, with some sporadic
deformation areas. Among them, several landslide bodies are
obvious. In order to gain a more precise insight into the de-
formation characteristics of the landslide surface, we selected
two of the obvious deformation areas, as shown in Fig. 5(a) as
1# and 2#. In terms of landslide monitoring results, landslide
areas generally have low NDVI values, indicating that the sur-
face of the landslide bodies has less vegetation and is mostly
dominated by bare rock and soil. Furthermore, considering the
complex field environment, it is difficult to use traditional ground
measurement methods to collect external measurement data for
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Fig. 5. (a) Deformation rate results and (b) standard deviation result statistics for accuracy verification.

Fig. 6. 3D visualization of the InSAR results. (a) 1# area. (b) 2# area.

accuracy verification. Therefore, in this study, the internal accord
accuracy of the monitoring results is verified using the residual
deformation standard deviation index caused by factors such as
atmospheric delay and baseline error, which in turn illustrates
the reliability of the monitoring results. The standard deviation
result statistics show [Fig. 5(b)]: the calculated values of all
monitoring points are mainly concentrated within 10 mm, with
an average value of 6.3 mm. The internal accord accuracy of

the results is at the millimeter level, indirectly verifying the
reliability of the monitoring results.

Next, we will focus on the analysis and discussion of the
1# and 2# landslide areas. Fig. 6 is a three-dimensional visual
representation of the 1# and 2# landslide areas, where the color
variations of the monitoring points are consistent with the color
changes in Fig. 5(a). It can be visually observed that both
landslides exhibit the most significant deformation in the middle
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Fig. 7. (a), (b), (c) and (d) denote the temporal variation before and after deformation enhancement of the P1-P4 feature points, respectively.

section of the slope, with deformation rates over −20 mm/yr. In
addition, the 1# area has a minimum elevation of 812 m and
a maximum elevation of 1052 m, resulting in a slope height
difference of approximately 240 m. The slope angle in the
deformed area of the middle section is around 40°. The 2# area
has a minimum elevation of 1010 m and a maximum elevation of
1275 m, resulting in a slope height difference of approximately
265 m. The slope angle in the deformed area of the middle
section is around 37°. Both areas have high and steep terrain, and
the 1# area is situated adjacent to the road, making it susceptible
to blockage if surface deformation accelerates, which would
impact normal production activities.

We selected two feature points at different geographical loca-
tions within the deformation areas of 1# and 2#, named P1, P2,
P3, and P4, respectively (Fig. 6), to exhibit their time-series
deformation patterns after deformation enhancement. At the
same time, it is compared with the original deformation to
verify the necessity and reliability of deformation enhancement.
Fig. 7(a)–(d) corresponds to the deformation change direction
of points P1–P4 from 24 September 2016 to 17 September 2022,
respectively. The black line represents the original time-series

deformation trend; the red line represents the time-series de-
formation trend after deformation enhancement; the pink line
represents the difference between the original time-series defor-
mation at adjacent time periods; and the blue line represents
the difference between the time-series deformation after de-
formation enhancement at adjacent time periods. After InSAR
deformation enhancement, the temporal deformation trend is
smoother, and some deformation jumps have been corrected. We
use the standard deviation of the deformation difference before
and after deformation enhancement to quantitatively evaluate
the effect. The standard deviation of the P1 decreased from
5.37 to 4.53, that of the P2 from 4.98 to 3.83, that of the
P3 from 5.05 to 4.04, and that of the P4 from 4.97 to 3.37,
which were 15.6%, 23.1%, 20.0%, and 32.2% lower year-on-
year, respectively. The decrease in the standard deviation values
indicates a decrease in the magnitude of deformation change
under adjacent time, which in turn indicates a smoother time-
series deformation trend. Finally, after deformation enhance-
ment, the cumulative deformation values of P1, P2, P3, and P4
were −219.2 mm, −194.7 mm, −285.9 mm, and −248.3 mm,
respectively.
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Fig. 8. Standard deviation statistics of the deformation difference values for
all monitoring points.

While conducting quantitative analysis on the four feature
points, we also calculated the standard deviation of deformation
difference for all monitoring points before and after deforma-
tion enhancement, in order to better observe the deformation
enhancement effect (Fig. 8). Before deformation enhancement,
the minimum value of standard deviation is 1.3, the maximum
value is 15.7, and the average value is 5.1; after deformation
enhancement, the minimum value of standard deviation is 0.8,
the maximum value is 13.9, and the average value is 3.3. Obvi-
ously, after the deformation enhancement, the mean value was
reduced by 1.8, compared with a 35.2% reduction, indicating
that the time-series deformation values at all monitoring points
were effectively removed or corrected for anomalies, and the
time-series deformation trend was smoother. This further proves
the necessity and reliability of deformation enhancement. We
will use the time-series deformation results after deformation
enhancement for subsequent discussion on the landslide surface.

B. Landslide Surface Stability Discussion

1) Angular Distortions: The spatial distribution of the an-
gular distortion β values estimated from vertical cumulative
deformation is shown in Fig. 9. A higher β value indicates
a more significant difference in deformation between adjacent
monitoring points in space. During the study period, the areas
with larger deformation rate and cumulative deformation are
reflected in the angular distortion β values. The β values of
several landslide bodies in the study area reached 0.067° or
higher, indicating a deformation difference of over 5 mm at
a distance of about 3 m. Through the β values, the spatial
differences in surface deformation can be more clearly observed,
potential landslides can be discovered, and possible external
boundaries of landslide bodies can be mapped.

We focused on analyzing theβ value distributions of 1# and 2#
landslide bodies and found that: the center region of 1# landslide
body had the highest β value, which gradually decreased with
increasing distance from the center, indicating a large spatial
deformation difference throughout the area; the high β value of
2# landslide body showed an approximate closed-loop spatial

pattern, indicating that the spatial deformation difference in
the center of the landslide body is small, while the high β
values around the center precisely reflect its external edge. In
the enlarged views of landslides 1# and 2#: the white dashed
line represents the outer contour shown by the optical image,
and the red closed solid line indicates the deformation boundary
plotted according to the β value (Fig. 9). The outer boundary of
the solid red line essentially coincides with the boundary of the
dashed white line. However, the red solid line is not as large in
extent as the white dashed line, indicating that deformation has
weakened in some areas of the landslide body. In turn, we can
determine which part of the landslide body has stabilized and
which part is still undergoing significant deformation. After cal-
culation, the deformation areas of 1# and 2# landslide bodies are
approximately 17.3 × 103 m2 and 8.8 × 103 m2, respectively.
By identifying edges, it is possible to capture the deformation
development of landslides, determine which infrastructure is
more vulnerable to the impact of the landslide, and provide
information for the prevention and control of local geological
disasters.

2) Deformation Feature Extraction With PCA: Fig. 10 dis-
plays the spatial response scores of the first six PCs. The
score map of PC1 is more closely related to the distribution
characteristics of surface deformation, with strong spatial con-
sistency. In Fig. 5(a), in the area where the deformation rate
is negative, then PC1 score also shows negative values, with a
maximum value of −1817; in the area where the deformation
rate is positive, the PC1 score shows positive values, with a
maximum value of 1346. This indicates that the deformation
rate value is positively correlated with the PC1 score value, and
the range of PC1 score values is much larger than the rate, so
the deformation area is more significant in the PC1 score map.
From the score values, it can be seen that PC1 accounts for
about 61% of the overall deformation signal, indicating that it
is related to the time series deformation. The PC3 score has a
high similarity to the PC1 score, showing a spatially correlated
signal consistent with the deformation results. Unlike the PC1
score, it is not correlated in time (Fig. 11). PC3 may be mainly
related to residual orbital errors. The spatial consistency between
PC2 score and deformation results is slightly present but not
significant, and there is also no temporal correlation. This may
be influenced by a combination of residual orbital errors, and/or
turbulent tropospheric artifact and/or noise. On the contrary,
the scores of PC4, PC5, and PC6 are not spatially correlated
with the deformation results, and their eigenvectors randomly
fluctuate around zero over time. Moreover, there is no significant
correlation between the score distribution and terrain, which may
be related to turbulent tropospheric artifact and/or noise.

Score maps can be converted to deformations by multiplying
the corresponding eigenvectors at a given time, as shown in
Fig. 11. The PC1 scores of the points P1–P4 all show an
approximate linear trend over time [Fig. 11(a)], indicating that
the signal has a high degree of temporal correlation. We also
collected precipitation data during the study period for auxiliary
analysis, which is represented by the pink bars in Fig. 11. The
time-series deformation of the PC1 eigenvector shows small
fluctuations with increasing precipitation, especially in 2018,
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Fig. 9. Angular distortion obtained from the difference of deformation results.

Fig. 10. (a)–(f) Score maps for components PC1-PC6 in sequence.
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Fig. 11. PCA characterization of surface deformation. (a) PC1 eigenvectors
of points P1–P4. (b)–(e) PC2–PC6 eigenvectors of points P1–P4.

2019, and 2020. This indicates that increased summer precipita-
tion is one of the main factors affecting deformation. For other
PC eigenvectors: the PC2 eigenvector shows the most signifi-
cant time-series deformation signal at point P1; PC2 and PC3
eigenvectors show the most significant time-series deformation

signal at point P2; PC3 eigenvector shows the most significant
time-series deformation signal at points P3 and P4. Like the
PC2 or PC3 eigenvectors, which are more or less consistent
with the surface deformation distribution in space and show
a stronger signal in time series, this signal may be mainly
related to the residual orbital errors, atmospheric delay errors,
and other factors. No matter which kind of space-borne SAR
data is applied, these errors are difficult to completely eliminate.
In addition, the deformation signals of PC3–PC6 eigenvectors
may mainly be caused by noise. Unfortunately, except for the
PC1 eigenvector, there is no consistent change rule for all PC
eigenvectors’ time-series deformation signals, so it is difficult
to express them with a clear model.

C. Driving Force of Landslide Surface Deformation

According to the results of the deformation rate and temporal
deformation in the study area, deformation is found to occur to
varying degrees in the reservoir basin, reservoir bank, and sur-
rounding vegetation areas. The analysis of the results, combined
with the field survey, revealed that the factors affecting surface
deformation fall into two main categories: natural geography
and man-made activities. Sudden large-scale deformation, such
as collapse, is mainly influenced by natural geographical factors,
while slow small-scale deformation, such as slip, is mainly
influenced by man-made activities.

1) The topography of the study area is characterized by
gullies and ravines, with typical “V” shaped valleys. Ac-
cording to the survey, the area is about 3.87 km2, with
an average slope of 31.8° and a relative height difference
of about 1000 m [Fig. 1(a)]. In addition, the rock types
in the area are mainly shales and siltstones with soft
rock quality [Fig. 1(b)]. Since geological factors, such
as topography and geological structure, determine the
degree of susceptibility to geological disasters, areas with
such topography and geological conditions are prone to
geological disasters, such as landslides and mudslides.

2) The hot and rainy summer in the study area is the most
concentrated precipitation season in a year. From 2016 to
2022, although the time-series deformation trend shows an
approximate linear change, it has also shown a slight accel-
eration fluctuation due to the increase in summer precipita-
tion each year [Fig. 11(a)]. In addition, in the past 20 years,
there have been several earthquakes of magnitude 1–2 in
the Western Hills of Beijing, but there have been no reports
of geological disasters caused by micro-earthquakes. This
indicates that the landslide surface in the Western Hills of
Beijing is currently in an approximate linear deformation
stage, with a low probability of sudden natural disasters
such as earthquakes. In addition, according to the monitor-
ing results [Fig. 5(a)] and NDVI distribution [Fig. 1(c)],
the surface of the landslide deformation areas has less
vegetation and is mostly dominated by bare rock and soil.
This geomorphological feature, accompanied by seasonal
precipitation, becomes one of the main influencing factors
for its deformation.
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3) The history of coal mining in the study area is nearly
a thousand years, with numerous small coal mines. The
serious lack of information on underground mining scope,
mining depth, and mining thickness has always been a
difficulty in the investigation and research of subsidence
in the area. Fortunately, mining activities in the study
area stopped in 2008, and there has been no other human
engineering activity interference since then. In addition,
the deformation areas in the deformation rate results are
distributed in a spotty pattern, with a high degree of
distinction from stable areas, and no large-scale surface
subsidence has been detected. Given that mining activities
have ceased for more than ten years, it is concluded
that human activities such as coal mining have a rel-
atively small impact on the surface deformation of the
landslide.

Generally, geological disasters are the result of the coupling
of geological factors and induced conditions. We discuss the
stability of landslide surface deformation in terms of geological
factors such as topography and geological composition, induced
conditions such as precipitation and human activities, and com-
bined with the InSAR deformation monitoring results, which
can help to scientifically and comprehensively understand the
risk of landslide surface risks.

V. CONCLUSION

In this study, multitemporal InSAR technology was employed
to process 80 scenes of RADARSAT-2 data, overcoming the
limitations of traditional InSAR technology, such as sparse mon-
itoring point distribution and poor interference quality resulting
from time decorrelation. Considering the spatial and temporal
relationship between monitoring points, the InSAR deformation
was enhanced. After the deformation enhancement, the standard
deviation of the deformation difference between each monitor-
ing point was effectively reduced, and the temporal deformation
trend became smoother. By using two typical landslides as
case studies for deformation enhancement, it is verified that
the method maintains the original deformation characteristics
while reducing noise and has its unique methodological ad-
vantages. It should be noted that the abovementioned successes
are in mountainous areas with neighboring spatial similarities.
From the perspective of the method principle of deformation
enhancement, it is not advantageous in urban areas with complex
features. This is a research direction that we need to further
validate and optimize in the future.

Stability assessment of the landslide surface based on the
results of deformation enhancement. According to the deforma-
tion differences between spatially adjacent monitoring points,
the angular distortions are calculated, potential landslides are
discovered, and the possible external edges of the landslide
body are mapped. By combining optical image observation with
angular distortions, the spatial deformation characteristics of the
landslide surface are analyzed, overcoming the limitations of tra-
ditional stability assessment based only on velocity. In addition,
through the PCA method, the main component information is
concentrated, and it is found that the first principal component is

most closely related to the distribution characteristics of surface
deformation, with strong spatial consistency. Furthermore, the
surface deformation drivers of landslide areas are discussed
in terms of geological factors and triggering conditions, and
seasonal precipitation is considered to be one of the main influ-
encing factors at present.

The InSAR deformation enhancement method and stability
assessment strategy proposed can provide a more comprehen-
sive understanding of the deformation pattern of landslides in
mountainous areas, which is of value as a reference and guide
for disaster mitigation and prevention.
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