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Abstract: Landslide susceptibility maps (LSMs) play an important role in landslide hazard risk
assessments, urban planning, and land resource management. While states of motion and dynamic
factors are critical in the landslide formation process, these factors have not received due attention in
existing LSM-generation research. In this study, we proposed a valuable method for dynamically
updating and refining LSMs by combining soil moisture products with Multi-Temporal Interferomet-
ric Synthetic Aperture Radar (MT-InSAR) data. Based on a landslide inventory, we used time-series
soil moisture data to construct an index system for evaluating landslide susceptibility. MT-InSAR
technology was applied to invert the displacement time series. Furthermore, the surface deformation
rate was projected in the direction of the steepest slope, and the data was resampled to a spatial
resolution consistent with that of the LSM to update the generated LSM. The results showed that
varying soil moisture conditions were accompanied by dynamic landslide susceptibility. A total of
22% of the analyzed pixels underwent significant susceptibility changes (either increases or decreases)
following the updating and refining processes incorporating soil moisture and MT-InSAR compared
to the LSMs derived based only on static factors. The relative landslide density index obtained based
on actual landslides and the analyses of Dongfeng, Haila town, and Dajie township confirmed the
improved slow landslide prediction reliability resulting from the reduction of the false alarm and
omission rates.

Keywords: dynamic landslide susceptibility; MT-InSAR; soil moisture

1. Introduction

According to the data published in the “China Statistical Yearbook 2021”, more than
100,000 geological disasters occurred in China from 2010 to 2020, causing approximately
8200 casualties and economic losses of 6.92 billion dollars [1]. Landslides are among the
most destructive natural disasters and occur frequently worldwide, resulting in serious
casualties, property losses, and infrastructure losses [2]. Therefore, it is necessary to not
only scientifically assess the potential locations and areas that are vulnerable to landslides
but also to purposefully fulfill early monitoring, early warning, and risk control measures,
as these are indispensable means and components in the disaster prevention and mitigation
processes [3–5]. Landslide susceptibility is defined as the likelihood of a landslide occurring
in a certain area based on the local terrain conditions [6]; thus, this measure represents the
possibility that an area may be affected by landslide disasters in the future [7]. A scientific
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and reliable landslide susceptibility map (LSM) can effectively predict the spatial distribu-
tion and probability of occurrence of landslides. LSMs provide a basis for landslide disaster
risk assessments, landslide management, urban planning, and land resource management.

The occurrence of landslides is affected by internal factors that determine the soil
structure and slope stability and by external factors that change the soil shear strength.
At present, most studies that have focused on the correlations between landslides and
their influencing factors have adopted the methodology of constructing different land-
slide susceptibility prediction models [8–10]. According to the intrinsic properties of these
influencing factors, they can be divided into four aspects: geological, topographic, envi-
ronmental factors, and human engineering activities [11,12]. However, researchers have
mostly used static or relatively stable factors that change very little over long periods, such
as factors representing the lithology, slope, slope aspect, land cover, elevation, distance
from rivers, and distance from roads of an area.

To generate targeted LSMs and expect regular LSM updates to achieve near-real-time
or even real-time landslide predictions, some researchers have discussed using the conjoint
analysis technique by incorporating instances of landslides and information representing
unstable factors. These factors may cause significant temporal and spatial changes, as
extracted by seismic activity and precipitation data. Most ordinary real-time landslide
forecasting methods rely on rainfall thresholds [13–15]. However, early landslide warnings
derived based exclusively on rainfall thresholds may not be reliable due to the lack of soil
moisture condition information, as soil moisture plays a crucial role in the occurrence of
landslides. Some studies have simulated soil moisture using the antecedent precipitation
index (API) [16,17]. Nevertheless, this methodology has not been accepted from some
points of view [18], considering the process by which water conditions change over time:
after precipitation reaches the land surface, a portion of the water enters the soil layer, a
portion becomes runoff [19], and the final portion returns to the atmosphere through evap-
otranspiration. These factors lead to a weak relationship between previous precipitation
and shifting soil moisture conditions. Thus, drawing conclusions from actual soil moisture
information represents an improved solution in landslide susceptibility research [20–23].

The soil moisture value can be obtained through field investigations, surface or hydro-
logical model estimations, or remote sensing inversions [18]. Although field investigations
provide the highest accuracies among these three methods, they provide only point-based
measurement data, and it is difficult to establish a dense measurement network covering
a large area using this method due to the high installation and maintenance costs of the
instruments. The model estimation methods frequently encounter a series of problems,
including error accumulation, the required input of a large amount of accurate data, and
normally intensive calculations. Consequently, satellite remote sensing inversion methods
could offer a wide range of continuously observed soil moisture data that is in good agree-
ment with field measurements [24–26]. A previous study showed that the Soil Moisture
Active Passive (SMAP) L4 root zone soil moisture product has great potential in landslide
susceptibility evaluations [27].

Generally, a certain period of time is required from the deformation process to the
moment of failure during the formation of a landslide. The evolution of surface deformation
over time characterizes the motion states of landslides [28], thus enabling the identification
of landslide hazard precursors [29]. The Multi-Temporal Interferometric Synthetic Aperture
Radar (MT-InSAR) is an interferometric SAR measurement technology that has already been
confirmed as capable of researching, monitoring, and investigating regionally slow-moving
landslides due to its all-time, large-scale, and high-precision characteristics [30–33]. This
technology has been widely applied in landslide investigations; despite this, quantitative
and susceptibility analyses of landslide hazards are rare. A few studies have confirmed the
applicability of a combination of MT-InSAR technology with an LSM [30,34–36].

To fill this gap and improve the applicability of LSMs, updated LSMs should contain
various dynamic information, such as regional deformation information and soil moisture
information. In past studies, researchers have implemented MT-InSAR and soil moisture
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data to conduct landslide susceptibility assessments; however, no past work has utilized
these data simultaneously. In this study, we proposed a new procedure that can be used
to conduct large-area landslide susceptibility mapping while integrating soil moisture
products and MT-InSAR deformation data. We took Weining County, Bijie City, Guizhou
Province, as the study area. A total of 13 influencing factors related to environmental condi-
tions, including soil moisture, were used to construct the dynamic landslide susceptibility
evaluation system. On this basis, a random forest (RF) model was utilized to evaluate the
landslide susceptibility and create the initial dynamic LSM to be further refined. The model
was then verified using the area under the receiver operating curve (ROC) (AUC) value,
accuracy rate, precision rate, recall rate, and F-measure values as the evaluation indicators.
A LSM refined by the MT-InSAR dataset was obtained as the output of this processing
approach, providing the landslide occurrence susceptibility distribution with relatively low
false alarm and omission rates.

2. Study Area

Weining County, the study area, spans longitude lines from approximately 103◦36′ to
104◦45′ E and latitude lines from 26◦36′ to 27◦26′ N on the northwestern edge of Guizhou
Province (Figure 1). It has a wavering climate, a complex geological structure, and diverse
landform types, making it one of the most vulnerable areas in Guizhou Province with
regards to the ecological environment [37]. The sedimentary strata in this area are relatively
well developed, and only Ordovician, Silurian, Lower Permian, Cretaceous, and Paleogene
strata are missing. Among the present strata, the Sinian, Devonian, Carboniferous, Permian,
and Triassic contain extensive distributions of carbonate rocks with a maximum cumulative
thickness of 3800 m. The total thickness of sedimentary rocks from the Proterozoic Sinian
to the Cenozoic is more than 10,000 m. Tectonically, the tectonostratigraphic framework
is shaped by the Himalayan movement, and its changes are controlled by the Yanshan
movement. Three main groups of structures span across the northeast, northwest, and
near-north-south directions, roughly radiating in parallel fold axes from the central Caohai
area and being unceasingly accompanied by compressive torsional strike faults [38,39].
Weining is the largest-area and highest-elevation county in Guizhou Province due to its
area coverage of 6298 km2 and average elevation of 2237 m. The Wumeng Mountains run
through the county, containing four peaks over 2800 m tall. The terrain over this county
is generally high in the west and low in the east, and the central region is a substantially
elevated, open, and gently sloping plateau. The groundwater conditions mainly depend
on the infiltration and recharge of precipitation that contains mainly carbonate karst water,
followed by bedrock fissure water, while small amounts of pore water are present in
loose accumulations [40].

The background of these special natural geographical and geological environments,
coupled with the rapid social and economic development of this county in recent years,
has accelerated the transformation of the geological environment alongside human engi-
neering activities, thus directly or indirectly leading to the frequent occurrence of various
geological disasters and causing vast economic losses. On 19 September 2006, a landslide
occurred in the Dengjiaying section of Niupeng Town, Weining; tens of thousands of rocks
and stones collapsed, causing interruptions and blockages of the Nei-Kun Railway. On
18 September 2008, a landslide occurred in Qinghe Village, Bandi Township, Weining, due
to torrential rain, killing six people and destroying five houses. On 21 July 2019, a landslide
occurred in Yancang town, Weining County, endangering 34 households and 178 people.



Land 2023, 12, 1444 4 of 34

Land 2023, 12, x FOR PEER REVIEW 4 of 36 
 

to torrential rain, killing six people and destroying five houses. On 21 July 2019, a land-
slide occurred in Yancang town, Weining County, endangering 34 households and 178 
people. 

 
Figure 1. Location of the study area. 

3. Data 
3.1. Landslide Inventory 

Landslide inventory datasets are crucial for landslide susceptibility mapping and 
also serve as the basis for future landslide prediction and analysis research. By January 
2019, 118 landslides had been recorded in Weining, and a total of 140 landslides had been 
registered until January 2020, according to the geological survey, indicating an increase of 
22 landslides in 2019. The landslide inventory was derived from the field geological inves-
tigation report (provided by the Guizhou Geological Environment Monitoring Institute). 
These landslide cases are primarily caused by natural factors, and among them, soil land-
slides account for approximately 95%, which indicates the suitability for the following 
research. 

Figure 1. Location of the study area.

3. Data
3.1. Landslide Inventory

Landslide inventory datasets are crucial for landslide susceptibility mapping and also
serve as the basis for future landslide prediction and analysis research. By January 2019,
118 landslides had been recorded in Weining, and a total of 140 landslides had been
registered until January 2020, according to the geological survey, indicating an increase
of 22 landslides in 2019. The landslide inventory was derived from the field geological
investigation report (provided by the Guizhou Geological Environment Monitoring In-
stitute). These landslide cases are primarily caused by natural factors, and among them,
soil landslides account for approximately 95%, which indicates the suitability for the
following research.

3.2. Landslide Influencing Factors

The landslide formation mechanism is deeply complex, and the occurrence of a
landslide is caused by a variety of influencing factors [41]. The critical factors to consider
when performing landslide susceptibility evaluations depend on the local characteristics of
the study area, the landslide type, the major triggers, the data availability, and the chosen
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modeling method [42]. Based on previous landslide inventory analyses, natural factors
have been found to be the dominant factors affecting the occurrence of landslides in the
study area, and the major types of landslides are small or medium-sized soil landslides.
Through the examination of a large number of studies, the availability and correlation of
the obtained data were carefully analyzed. We adopted the following 13 influencing factors
in the LSM generation process [6,43]: the curvature, plane curvature, profile curvature,
elevation, slope, aspect, distance from faults, lithology, land cover, soil moisture, NDVI,
TRI, and LR, which were characterized in four aspects, topographic conditions, geological
conditions, environmental factors, and human engineering activities, to establish a landslide
susceptibility evaluation index system, as shown in Table 1.

Table 1. Factors affecting landslides.

Influencing Factor Source Scale/Resolution

Lithology Geological map of Weining 1:500,000
Distance from faults (m) Geological map of Weining 1:500,000

Elevation (m) Digital elevation model (DEM) 30 × 30 m
Slope (◦) Digital elevation model (DEM) 30 × 30 m
Aspect Digital elevation model (DEM) 30 × 30 m

Curvature Digital elevation model (DEM) 30 × 30 m
Profile curvature Digital elevation model (DEM) 30 × 30 m
Plan curvature Digital elevation model (DEM) 30 × 30 m

TRI (Terrain Roughness Index) Digital elevation model (DEM) 30 × 30 m
LR (Land Relief) Digital elevation model (DEM) 30 × 30 m

NDVI (Normalized Difference Vegetation Index) Landsat 30 × 30 m
Land cover GlobeLand30 (http://www.globallandcover.com/) 30 × 30 m

Soil moisture
National Aeronautics and Space Administration

(NASA) National Snow and Ice Data Center
Distributed Active Archive Center

9 × 9 km

3.2.1. Geological Factors

Lithology is a crucial factor in the progression of landslide formation, especially
in mountainous areas. Different lithological units are equivalent to diverse degrees of
permeability and strength in rocks as well as in soils [39,40]. Furthermore, landslides are
more likely to occur in low-permeability areas than in highly permeable areas. The distance
from faults is another common factor involved in landslide susceptibility mapping, and
this factor also plays an important role in slope deformation. Generally, within a certain
range, the closer an area is to a fault, the lower the rock strength is and the stronger the soil
is. The looser the soil is, the higher the probability of landslides occurring.

The lithology of the study area is dominated by limestone in the central region, with
small amounts of clay rock, carbonate rock, and basalt spreading from the center to the
surrounding areas. Roughly taking the Caohai area as the center of the study area, three
groups of faults radiate from the northeast, northwest, and near-north-south directions.

3.2.2. Topographic Factors

Because landslides are strongly correlated with elevation, slope, aspect, and curvature,
these factors are often used in landslide susceptibility studies [44,45]. In mountainous areas,
external conditions such as rainfall, vegetation cover, and human activities are related to
elevation and affect the occurrence of landslides [46]. The slope represents the maximum
gradient from the target pixel to the adjacent pixels. The smaller the slope, the flatter the
terrain is, and vice versa [47]. The aspect is the downslope direction corresponding to
the largest gradient from each cell to its neighboring cells [47]. Curvature can be used
to characterize the physics of watershed basins, thus facilitating the understanding of
erosion processes and runoff formation. The profile curvature affects the acceleration and
deceleration of runoff, which in turn affects erosion and vegetation growth. The plane
curvature is related to the convergence and divergence of runoff on the land surface [48].

http://www.globallandcover.com/
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The TRI is commonly defined as the ratio of the surface unit area to its projected area
on a horizontal plane. Roughness is a macrotopographic factor that can reflect terrain
fluctuations and erosion. The higher the roughness coefficient, the more serious the erosion
degree [46]. The LR refers to the difference between the elevations of the highest and lowest
points in a specific area. This term is a macro index that describes the terrain features of a
region and can be applied to assist in terrain classification tasks [49].

The overall terrain of Weining is high in the west and low in the east, and high in
the middle and low in the surrounding areas, with an average elevation of approximately
2137 m and a maximum elevation difference of 1636 m. Each curvature profile shows a
phenomenon in which that in the central region is small and that in the surrounding area is
high. The average slope is approximately 16.5◦, and approximately 77.81% of the study
area corresponds to slopes between 6◦ and 25◦; in addition, the slope aspect is equally
distributed throughout the study area.

3.2.3. Environmental Factors

The NDVI has long been regarded as a factor representing vegetation characteristics in
susceptibility zoning studies and is a weighty factor reflecting vegetation growth and cover-
age; this factor is closely related to the seepage, runoff, and weathering of slopes [50]. Land
cover is a factor frequently considered in LSM research; this factor can describe the type of
vegetation cover and can also reflect human engineering and production activities [51].

The NDVI and land cover data in this study were extracted from the Landsat and
GlobeLand30 [52] datasets, respectively. In addition, the vegetation coverage in the study
area is quite high, with forestlands, shrubs, and grasslands serving as the main land
cover types. The forestland coverage rate is over 40%, and the average NDVI value is
approximately 0.56.

3.2.4. Soil Moisture

Soil moisture critically impacts the formation and morphology of landslides. For
soil or rock slopes that are easily softened by water, high water contents can weaken the
connection between soil particles or rocks. That is, the suction among the soil elements
decreases, resulting in a decrease in the shear strength of the soil or rock mass and leading
to the occurrence of landslides. We employed the SMAP product to characterize the
shallow surface water content. SMAP, an environmental monitoring satellite launched
by the National Aeronautics and Space Administration (NASA) on 31 January 2015, is
the latest in-orbit satellite dedicated to measuring soil moisture [53]. The SMAP carries a
radiometer sensor (passive) and a SAR sensor (active). The method of combining active and
passive measurements takes advantage of the spatial resolution of radar and the perception
accuracy of radiometers.

The data is divided into four processing levels:

• Level-1 products contain instrument-related data.
• Level-2 products are derived from the geophysical inversion results obtained based

on instrument data.
• Level-3 products are the daily global composite data of the Level-2 products synthe-

sized over each Coordinated Universal Time (UTC) day, obtained by resampling the
Level-2 product to the global grid.

• The Level-4 products contain root-zone soil moisture estimates obtained by assimilat-
ing SMAP observations into a surface model.

In this study, we obtained the SMAP L4 Global 3-hourly 9-km EASE-Grid Surface and
Root Zone Soil Moisture Geophysical Data, Version 5, from 2017 to 2019, characterizing
the soil moisture in the root zone (at average depths of 0–100 cm in the vertical direction)
(SMAP-R); the unit is the water content per unit volume (m3/m3) [54]. In the time series,
the soil moisture within the county exhibits a distribution pattern of low values in the
middle and high values in the surrounding areas.
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3.3. SAR Data

In this paper, we utilized Sentinel-1 data to perform the MT-InSAR deformation
analysis. Sentinel-1 is a two-satellite (Sentinel-1A and Sentinel-1B) Earth observation
satellite constellation in the European Space Agency’s Copernicus Global Monitoring for
Environment and Security (GMES) program carrying a C-band synthetic aperture radar; its
working wavelength is 5.5 cm. The two-satellite constellation offers a 6-day exact cycle at
the equator. In this work, we conducted an MT-InSAR analysis with 31 imageries covering
one scene. These SAR imageries were recorded in interferometric wide (IW) swath mode
at a 20-m ground resolution, 240-km swath width, and VV polarization. The relevant
parameters are listed in Table 2.

Table 2. Main acquisition parameters of the Sentinel-1 SAR dataset in Weining.

Sensor Sentinel-1

Band C
Acquisition orbit Ascending

Incidence angle (◦) 33.9
Swath width (km) 240

Repeat cycle (days) 12
Number of images 30

Ground resolution (m) 20
Temporal range 2 January 2018–28 December 2018

4. Methodology

Figure 2 illustrates a flowchart describing the methodology used in this study. The
completion of this research mainly consisted of the following six steps:

(i) Collecting information on historical landslide and non-landslide points and estab-
lishing an evaluation index system based on landslide susceptibility.

(ii) Selecting landslide-influencing factors, obtaining corresponding datasets, and
analyzing the relationships between these selected factors and landslides.

(iii) Preliminarily modeling landslide susceptibility using factors selected based on
the RF model.

(iv) Evaluating the performance of the trained model and drawing dynamic LSMs
with the model results.

(v) Performing an MT-InSAR analysis with the acquired Sentinel-1A dataset covering
the study area and projecting the velocity in the line-of-sight (LOS) direction to the direction
along the steepest slope through a geometric transformation process.

(vi) Using the MT-InSAR technology monitoring results to construct a correction
matrix and refine the derived dynamic LSMs.

4.1. SMAP-R Data Preprocessing

Because the resolution of the acquired raw SMAP-R data was inconsistent with the
resolution of interest, the kriging method was chosen for the interpolation preprocessing
step, and the nearest-neighbor method was used to resample the interpolated data to
a resolution of 30 m to ensure consistency with the data representing the other factors.
According to the daily rainfall amounts recorded in the study area (provided by the
local meteorological station) from 2017 to 2019 (Figure 3), the annual rainfall is mainly
concentrated from May to October. Next, each year was divided into two dry seasons
lasting from January to April and from January to December and one rainy season lasting
from May to October, and the average soil moisture values in these two periods were
obtained to represent the soil moisture in the corresponding seasons (Figure 4).
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4.2. Preprocessing of Other Utilized Data

Considering the variety of data types, formats, and applications considered in this
study, data preprocessing was necessary to meet the research needs.

Through the analysis and screening of the landslide inventory, landslides were divided
into two groups: landslides that occurred before 2019 (historical landslides) were used for
constructing LSM models and were divided into dry-season and rainy-season landslides
according to the annual rainfall distribution. The newly added landslides from 2019 to 2020
(new landslides) were used for verification, as shown in Figure 5. At the same time, for
the historical landslides, we selected 590 non-landslide points using a random sampling
method at a ratio of 1:5 after performing many experiments using different ratios (e.g.,
1:1, 1:5, and 1:10). Furthermore, both the historical landslide points and non-landslide
points were randomly divided into a training set and a test set at a ratio of 7:3 to fit and test
LSM models.
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Regarding faults in Weining County, we established a multilevel buffer zone with an
interval of 1000 m and a total extent of 5000 m to represent the range affected by faults.
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The topographic factors (elevation, slope, aspect, curvature, plane curvature, profile
curvature, TRI, and LR) were calculated using a 30-m DEM (derived from the NASA
Space Shuttle Radar Terrain Mission (SRTM) Global 1-arc-second product). The following
formulas were used to calculate the slope and TRI [46,47]:

β = tan−1(rise/run), (1)

TRI = 1/cos(tanβ ∗ π/180) (2)

where β refers to the slope gradient, rise is the elevation increment, and run is the increment
in the horizontal direction.

After all impact factor thematic layers were projected to the same coordinate system,
the data were resampled to a 30-m-resolution grid format, as shown in Figure 6.
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Then, the resampled impact factors were normalized to the [0,1] range to reduce the
discreteness of the data. The utilized formula can be expressed as follows:

X* = (X− Xmin)/(Xmax − Xmin) (3)

4.3. Formatting of Mathematical Components

In this study, an RF model was implemented to generate the landslide susceptibility
maps. As a machine learning algorithm, an RF is a method used to build multiple inde-
pendent decision trees by random sampling and to combine these multiple decision trees
for classification and prediction tasks. This method was first proposed by Breiman [55].
The main steps are shown in Figure 7. First, n new sample sets were randomly selected
from the original training dataset through replacement using the bootstrap method, and n
decision trees were constructed. Furthermore, a group of features was randomly selected
during each resampling step, and n decision trees were constructed on this basis. Finally,
the generated trees were combined into an RF that was used to classify the new data, and
the classification result was determined by decision tree voting. The RF model is not only
very resistant to overfitting when dealing with complex data but is also very accomplished
when addressing the problems of default values and noise; that is, the RF model shows
strong robustness and accuracy in the face of high-dimensional data [56].
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Figure 7. Schematic diagram of the RF modeling process.

During the modeling process, the landslide samples were assigned a value of 1, while
the non-landslide samples were assigned a value of 0. Considering the possible advantages
and limitations of different mapping unit scales and types in landslide susceptibility
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mapping research [57], as well as the calculation accuracy and feasibility, grid cells were
selected as the mapping units in this study.

Landslide susceptibility mapping is a method that can effectively reflect the risk of
landslides in an area. Based on the 13 factors listed above, in this study, we generated
LSMs at an evaluation unit resolution of 30 × 30 m with and without SMAP-R. Next,
these LSMs were reclassified into the following four categories using the Jenks natural
breakpoint grading method: (i) low to zero susceptibility; (ii) moderate susceptibility;
(iii) high susceptibility; and (iv) very high susceptibility.

4.4. MT-InSAR

In this paper, we first implement the basic D-InSAR processing steps, including the im-
age preprocessing and single-look complex (SLC) image registration steps. After acquiring
registered SLC images, interferogram pairs were selected to form an interferogram network
in terms of nonrepetitive spatiotemporal baselines. During this process, an interferogram
stack was obtained with a maximum temporal baseline of 36 days and a maximum spatial
baseline of 177.1 m. Moreover, the terrain-dependent phase was removed using a DEM.
Within the interferogram stack obtained in the previous step, appropriate persistent scat-
terer (PS) candidate points were selected depending on the amplitude discrete index and
the spectral properties of the SLCs. In addition, we employed the two-sample Anderson-
Darling (AD) test to determine statistically homogenous pixels (SHPs); SHPs greater than
20 were considered distributed scatterer (DS) candidates. Furthermore, the phase before
the DS detection step was optimized via the coherent weighted phase connection method.
The selected pixels were connected in pairs to form a point network, and the differential
phase of each edge and interferogram in the M pairs were calculated. In particular, the
phase discrepancy of each edge in the network was obtained by distinguishing the phases
of two pixels. The periodogram estimation method and the weighted least squares phase
unwrapping method were used to estimate and solve the differential deformation rate
and terrain differential error on each edge, respectively. These differential values were
then integrated into the selected pixel set. The residual phase, including the nonlinear
deformation phase, atmospheric phase, and noise information, was derived by subtracting
the above differential value from the initial differential interferograms. Temporal and
spatial filtering steps were applied to separate the atmospheric and nonlinear deformation
phases, relying on their unique temporal and spatial distribution characteristics. Finally,
the deformation information in the time series of each PS/ DS point was inverted using the
clean phase derived in the previous step.

Each PS/DS point represents a one-dimensional projection in the direction of the
satellite LOS rather than the real deformation that occurs in three-dimensional space [58].
To represent the deformation in a way that is more suitable for depicting the actual situation,
a postprocessing step was required. We referenced the method proposed by Bianchini [59]
and Notti [60], in which a DEM (from which the slope and aspect information can be
derived) and satellite parameters (the LOS azimuth, incident angle, and direction cosine)
are combined to reproject the deformation rates of all PS/DS values measured along the
LOS direction (VLOS) to a new rate along the steepest-slope direction (Vslope), which is
considered a potential slope failure correlation representing the most likely actual direction
of motion [61,62]. This method is useful when the applied SAR images are acquired by
different satellite sensors (with different LOSs) and/or different orbits (ascending and
descending). Finally, the PS/DS points with slopes less than five degrees or positive
displacement rates were eliminated to map the integrated displacement results.

4.5. Refinement

MT-InSAR technology is capable of monitoring and identifying slope instability, but
the corresponding signs may occur in places that are hard to reach or where the displace-
ment is small, slow, or otherwise difficult to detect. In other words, displacement may
not be recorded properly by traditional geological surveys. In addition, the MT-InSAR
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dataset can also reflect the dynamic deformation process of unstable slopes with the regular
production of SAR data. Therefore, combining surface deformation information with a LSM
can increase the susceptibility of slope units to surface displacement phenomena, reduce
the number of underreported risks as much as possible, and ameliorate the timeliness and
applicability of the utilized LSM. In contrast, slope units in cells that are considered stable in
the MT-InSAR measurements retain their original susceptibility levels in the resulting LSM.

We merged the LSM along the steepest-slope direction (Vslope) at the scale of each evalu-
ation unit using a correction matrix. First, we reclassified the previously obtained Vslope into
four categories based on the standard deviation (σ = 8 mm/year). The higher the displace-
ment rate was, the higher the level was: (i) low-speed deformation (0≤ Vslope ≤ 8 mm/year),
(ii) medium-speed deformation (8 < Vslope ≤ 16 mm/year), (iii) high-speed deformation
(16 < Vslope ≤ 24 mm/year), and (iv) ultrahigh-speed deformation (24 mm/year < Vslope).
Next, by combining the initial dynamic LSM obtained by the RF, we were able to perform
susceptibility refinements according to a matrix (Table 3) in which the number of correc-
tions was enumerated for each possible case. For each evaluation unit, we determined the
corresponding correction number based on the speed interval associated with the average
Vslope value obtained for at least four surrounding PS/DS points, potentially ensuring the
stability of the susceptibility or increasing it from degree 1 to degree 4. For example, for
an evaluation unit with an original susceptibility degree of 2, if the average Vslope value
of the four surrounding pixels is within the 16 < Vslope ≤ 24 mm/year interval, then the
corrected value of the unit is +1, and the corrected susceptibility degree is 3. The faster
the displacement rate is, the larger the correction value and the higher the correction level.
Notably, the susceptibility of each cell is not adjusted if fewer than four PS/DS points are
located around the cell or if the raw susceptibility level is the highest (degree 4).

Table 3. Correction matrix applied to the LSMs considering the average Vslope values.

Vslope (mm/year)

Degree of
susceptibility

Class 0–8 8–16 16–24 >24

1 0 +1 +2 +3

2 0 0 +1 +2

3 0 0 0 +1

4 0 0 0 0

4.6. Validation

Unless the performance and accuracy of a model are confirmed, no matter which
model is used to generate LSMs, the results are of no practical significance [63]. Therefore,
validating the LSM was an integral part of this study. Here, we used two kinds of methods
to perform this validation, as described below.

4.6.1. Class-Specific Accuracy Validation

In an effort to verify the correlation between the landslide inventory and the LSM, in
this study we applied a relative landslide density index (degree of fitting) that considered
landslides in areas of different susceptibilities and the total number of units in each area to
evaluate the model fit. The fit (DFi) of the LSM can be calculated as follows [64]:

DFi = 100·
ni/Ni

∑ ni/Ni
(4)

where ni is the number of units occupied by landslides on the current susceptibility map,
Ni represents the number of units covered by the susceptibility class i, and DFi stands for
the percentage of landslides in the susceptibility class i with regards to the number of units
in the area. The larger the DFi value, the larger the range of landslides occurring in the



Land 2023, 12, 1444 14 of 34

susceptibility class i is, and the higher the accuracy of the landslide prediction results for
this class is.

4.6.2. Statistical Validation

In this study, the susceptibility degree is regarded as a binary classifier denoting the
possible or unlikely occurrence of landslides in the corresponding area. Based on this
assumption, we analyzed the landslide susceptibility evaluation results by constructing an
ROC curve.

A ROC curve is a visualization technique based on the evaluation and selection of the
classifier’s performance. This technique has a long history of application in signal detection
theory and has been used to represent the trade-off between the classifier hit rate and false
alarm rate [65]. The ROC curve is constructed using a confusion matrix and two metrics
(sensitivity and specificity) [66]. Since both a classifier and an instance were provided in
this study, a 2 × 2 confusion matrix could be constructed with four possible outcomes: if
an instance is true (T) and classified as positive (P), it is counted as a true positive (TP); if a
true instance was classified as negative (N), it was counted as a false negative (FN); if an
instance was false (F) and was classified as negative (N), it was counted as a true negative
(TN); and if an F was classified as positive (P), it was counted as a false positive (FP). The
confusion matrix and equations for several common metrics that can be calculated from
the matrix are shown in Figure 8. The TP rate (also called the model sensitivity, hit rate, or
recall rate) of a classifier can be expressed as follows:

TP rate = TP/TP + FN (5)

The FP rate (or false hit rate) of a classifier can be estimated using the following equation:

FP rate = FP/TN + FP (6)

The TN rate (specificity) can be calculated as follows:

TN rate = TN/(FP + TN) = 1− FP rate (7)

where TP refers to a category that is correctly identified as positive in the actual true sample,
FP represents the category that is actually false but was incorrectly identified as positive.
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Figure 8. Schematic diagram of the RF modeling process.

Figure 8 shows the confusion matrix and the formulas for several common metrics. The
values on the main diagonal represent correct decisions, while the values on the secondary
diagonal represent errors (or confusion) between classes. Calculating the AUC is a currently
accepted metric for evaluating and comparing classifiers [67]. The purpose of the AUC is
to reduce the ROC curve to a single scalar value that represents the expected performance.
Since AUC is a part of the area of a unit square, its value is always between 0 and 1. Random
predictions provide a diagonal line from the bottom left to the top right; thus, the AUC
obtained for any valid binary classifier should be greater than or equal to 0.5.
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5. Results
5.1. Dynamic LSM (D-LSM)

An LSM of Weining County was generated by the trained RF model. This mapping
process was equivalent to visualizing the landslide probability of each grid predicted by
the model in the study area. The models were also evaluated using ROCs derived based
on statistical methods. Next, we obtained the LSM (Figure 9a,c,e) after classifying the
susceptibility into 4 categories using the Jenks natural breakpoint grading method and a
user-defined method. Figure 9a shows the LSM (Traditional LSM, T-LSM) generated using
12 factors among the 13 factors, excluding soil moisture, and 31.5672% of the area had zero
to low susceptibility, 25.1954% was characterized by medium susceptibility, 22.1211% had
high susceptibility, and 21.1163% had very high susceptibility. Figure 9c shows the dynamic
LSM generated by setting May to October as the time period of interest (the rainy-season
D-LSM); this process involved 13 factors, including the average soil moisture during the rainy
season. The results show that low-, medium-, high-, and very-high-susceptibility regions
accounted for 32.3319%, 26.3491%, 23.8692%, and 17.4498% of the total study area, respectively.
In contrast, the D-LSM shown in Figure 9e focused on the periods from January to April
and from November to December (the dry-season D-LSM); to obtain this LSM, the average
dry-season soil moisture value was used to represent the soil moisture factor. Here, the
low-, medium-, high-, and very-high-susceptibility regions accounted for 35.3609%, 29.1598%,
27.8972%, and 7.58213% of the overall study area, respectively (Table 4).

Table 4. Overview of the T-LSM and D-LSM results.

Degree of Susceptibility
T-LSM Dry-Season D-LSM Rainy-Season D-LSM

No. of Cells % No. of Cells % No. of Cells %

1 2,292,211 31.5672 2,567,685 35.3609 2,347,737 32.3319
2 1,829,534 25.1954 2,117,406 29.1598 1,913,308 26.3491
3 1,606,298 22.1211 2,025,717 27.8972 1,733,234 23.8692
4 1,533,332 21.1163 550,567 7.58213 1,267,096 17.4498

Figure 9b,d show the ROC curves of Figure 9a,c on their left sides. Tables 5 and 6 list
the statistical results of the accuracy, precision, recall, and F-measure values obtained by the
T-LSM and rainy-season D-LSM models, respectively, using the training and test datasets.
By analyzing the performance of these datasets, this result indicates that this model has
quite good predictive capabilities. We can conclude that the AUC value, accuracy, precision,
recall, and F-measure values obtained by the model when adopting traditional impact
factors were 0.8986, 0.7588, 0.3955, 0.8968, and 0.5502, respectively. In addition, for the
model in which rainy-season soil moisture was considered, these five indices were equal
to 0.9132, 0.7937, 0.4362, 0.9063, and 0.5860, respectively; obviously, the latter model had
a better prediction effect than the first model, with respective index differences of 0.0146,
0.0349, 0.0407, 0.0095, and 0.0358.

Table 5. Performance of the T-LSM prediction model.

Dataset Statistical Validation Value

Training

accuracy 0.8003
precision 0.4313

recall 0.9232
F-measure 0.5958

Testing

accuracy 0.7588
precision 0.3955

recall 0.8968
F-measure 0.5502
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Table 6. Performance of the rainy-season D-LSM prediction model.

Dataset Statistical Validation Value

Training

accuracy 0.8203
precision 0.4634

recall 0.9210
F-measure 0.6172

Testing

accuracy 0.7937
precision 0.4362

recall 0.9063
F-measure 0.5860
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Visually, the LSMs created by the three utilized datasets were very similar. The high-
and very-high-risk areas were mainly distributed in the southwestern and southeastern
parts of the study area, except for small areas in the northwestern and northeastern regions.
Moreover, comparing these three LSMs with the density distribution map of historical
landslides (Figure 9f), it is clear that the landslide distribution is generally consistent with
the landslide susceptibility. However, by comparing Figure 9a,b,e, the D-LSM was found
to be dynamic following the introduction of soil moisture. In particular, the very-high-
susceptibility areas in the western and northern regions were significantly reduced in
area. In fact, these areas have experienced relatively few historical landslides. Simply put,
the overestimation of landslide susceptibility by traditional factors in these regions was
attenuated by the soil moisture conditions.

To better reflect the role of dynamic soil moisture properties in the evaluation of local
landslide susceptibility, we used quantitative analysis methods to quantify the susceptibility
based on the qualitative evaluation of LSMs in the study area.

The differences between the T-LSM and the two D-LSMs were first evaluated by
computing each unit based on susceptibility. The statistical results are shown in Table 7.
For the dry-season D-LSM (Figure 10a), the susceptibility degrees of 628 units decreased
by 2 degrees, those of 1,847,216 units decreased by 1 degree, and those of 26,887 units
increased by 1 degree. For the rainy-season D-LSM (Figure 10b), the susceptibility degrees
of 985 units decreased by 2 degrees, those of 1,010,667 units decreased by 1 degree, those
of 551,571 units increased by 1 degree, and those of 2 units increased by 2 degrees. The
discrepancies between the two D-LSMs (Figure 10c) showed that the susceptibility of
56,436 units decreased by 1 degree, that of 1,374,533 units increased by 1 degree, and that
of 21,213 units increased by 2 degrees.
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Table 7. Overview of the differences between the T-LSM and D-LSMs.

Difference in the
Susceptibility

Degree

Difference between the T-LSM
and Dry-Season D-LSM

Difference between the T-LSM
and Rainy-Season D-LSM

Difference between the Dry-Season
and Rainy-Season D-LSMs

No. of Cells % No. of Cells % No. of Cells %

−2 628 0.0087 985 0.0136

−1 1,847,216 25.4389 1,010,667 13.9184 56,436 0.7772

0 5,386,644 74.1822 5,698,150 78.4721 5,809,193 80.0013

+1 26,887 0.3703 551,571 7.5960 1,374,533 18.9294

+2 2 0.00003 21,213 0.2921

Statistically, we compared and analyzed the density distributions of historical land-
slides in the dry (Figure 11a) and rainy (Figure 11b) seasons with the above three LSMs
(Figure 11c,d). Through this comparison, we confirmed that the density of corresponding
landslides increased gradually as the susceptibility reflected in the D-LSM increased in
both the dry and rainy seasons. In particular, the landslide density of the D-LSM was
significantly higher than that of the T-LSM in the high- and very-high-susceptibility regions.
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Figure 11. Maps of historical landslide densities and statistical landslide susceptibility diagrams:
(a) the dry-season landslide density map; (b) the rainy-season landslide density map; (c) the landslide
density in each susceptibility level between the T-LSM and D-LSM in the dry season; and (d) the
landslide density in each susceptibility level between the T-LSM and D-LSM in the rainy season.
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Next, we evaluated the validity of the derived susceptibility maps by comparing the
predicted LSMs with the landslide inventory, which contained both a historical landslide
dataset for training and a new landslide dataset for validation. Due to the small number
of samples contained in the latter dataset, it was considered a whole dataset on its own
and was not divided into the dry- and rainy-season datasets to ensure the reliability of
the statistical results to the greatest possible extent. Under this premise, the most direct
source of susceptibility was the rainy-season D-LSM. Therefore, only the landslide fitting
degrees of the T-LSM and rainy-season D-LSM were tested in this work. The fitting
degrees calculated using the historical landslides recorded in the dry and rainy seasons
(Figure 12a,b) show that landslides were mostly concentrated in high-susceptibility areas.
Compared to the T-LSM, the D-LSM showed that the proportions of landslide units in the
low- and moderate-susceptibility classes were small, while the proportion of landslides
in the very-high-susceptibility region was relatively large. Similarly, the fitting degree
results derived using the validation landslide dataset (Figure 12c) showed that landslides
were again concentrated in the high-susceptibility region. Comparing the very-high-
susceptibility regions in the T-LSM and D-LSM, the latter has a smaller proportion of
landslide units corresponding to low and medium susceptibility, while the former has
a larger proportion of landslides in the very-high-susceptibility region. At present, a
large number of landslides have been clearly distributed in areas of high and very high
susceptibility, especially those areas derived after the introduction of the soil moisture
factor; in simple terms, this factor improved the accuracy of the landslide prediction work
in the study area and exerted a certain optimization effect on the resulting LSM.
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Figure 12. Relative landslide density index values of the derived LSMs: (a) relative historical landslide
density index values of the T-LSM and D-LSM in the dry season; (b) relative historical landslide
density index values of the T-LSM and D-LSM in the rainy season; and (c) relative new landslide
density index values of the T-LSM and D-LSM in the rainy season.
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5.2. MT-InSAR

MT-InSAR analysis was performed on the whole territory of Weining County using
the Sentinel-1A dataset. In total, 47,677,026 PS/DS points were extracted at a density of
7570 points/km2. At each point, the annual average deformation rate, historical deforma-
tion information, and 3D position information were recorded. The deformation rate was
determined by obtaining the average PS/DS displacement velocity over the time range
covered by the interferogram in mm/year. Through a brief visual interpretation of the
velocity map along the LOS direction (Figure 13a), we found that obvious deformation
occurred on the surface. A negative deformation value in the figure indicates that the
point was located far from the radar along the LOS direction, while a positive deformation
value suggests proximity to the radar. Especially in the western part of the study area,
the maximum absolute velocity (VLOS) reaches a value of approximately 143 mm/year.
Figure 13b shows the velocity along the direction of the steepest slope (Vslope). In this
figure, the maximum absolute rate reaches approximately 250 mm/year. Since PS/DSs
located in flat areas and in areas in which the displacement velocity is greater than 0 were
discarded, the point density in the Vslope map is significantly lower than that in the VLOS
map. To ensure that the standard deviation of the MT-InSAR dataset was reasonable, we
considered PS/DSs corresponding to absolute VLOS values in the 0–8 mm/year interval as
stable. Under this assumption, a total of approximately 96% of the points in the study area
were considered stable. Of course, in the real situation, some unstable PS/DSs exist in the
obtained ground deformation velocity map, causing the map to not always correspond to
the real landslide distribution.

Land 2023, 12, x FOR PEER REVIEW 21 of 36 
 

shows the velocity along the direction of the steepest slope (Vୱ୪୭୮ୣ). In this figure, the max-
imum absolute rate reaches approximately 250 mm/year. Since PS/DSs located in flat areas 
and in areas in which the displacement velocity is greater than 0 were discarded, the point 
density in the Vୱ୪୭୮ୣ map is significantly lower than that in the V୐୓ୗ map. To ensure that 
the standard deviation of the MT-InSAR dataset was reasonable, we considered PS/DSs 
corresponding to absolute V୐୓ୗ values in the 0–8 mm/year interval as stable. Under this 
assumption, a total of approximately 96% of the points in the study area were considered 
stable. Of course, in the real situation, some unstable PS/DSs exist in the obtained ground 
deformation velocity map, causing the map to not always correspond to the real landslide 
distribution. 

 
Figure 13. Ground deformation velocity maps: (a) ground deformation velocity maps along the sat-
ellite LOS and (b) ground deformation velocity maps along the steepest-slope direction. 

5.3. Refined D-LSM (D-RLSM) 
The Refined LSM (RLSM) was obtained based on the acquired D-LSM and the surface 

deformation magnitudes measured by MT-InSAR technology. The first step in this pro-
cess was the resampling of the Vୱ୪୭୮ୣ value of each PS/DS to each cell (30 × 30 m); at this 
point, Vୱ୪୭୮ୣ was no longer related to a single PS/DS point but to a 30 × 30 m unit. After 
creating a new velocity map (Figure 13b), the correction matrix was able to improve the 
previously obtained D-LSM. Under the circumstances that the time period of the SAR data 
selected in this study covered the whole year of 2018, the most direct source of RLSM 
susceptibility was the rainy-season D-LSM. Therefore, in this work, we only modified the 
T-LSM and the rainy-season D-LSM. The final RLSM is shown in Figure 14. Figure 14a 
shows the correction results obtained based on the T-LSM (T-RLSM), in which 30.6992% 
of the area had low susceptibility, 25.5569% had medium susceptibility, 22.2201% had 
high susceptibility, and 21.5237% had very high susceptibility. Figure 14b provides the 
RLSM obtained by updating the D-LSM (D-RLSM). The statistical analysis revealed that 
the low-, medium-, high-, and very-high-susceptibility regions composed 31.4236%, 
26.7181%, 23.9557%, and 17.9025% of the study area, respectively (Table 8). 

Figure 13. Ground deformation velocity maps: (a) ground deformation velocity maps along the
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5.3. Refined D-LSM (D-RLSM)

The Refined LSM (RLSM) was obtained based on the acquired D-LSM and the surface
deformation magnitudes measured by MT-InSAR technology. The first step in this process
was the resampling of the Vslope value of each PS/DS to each cell (30 × 30 m); at this point,
Vslope was no longer related to a single PS/DS point but to a 30 × 30 m unit. After creating
a new velocity map (Figure 13b), the correction matrix was able to improve the previously
obtained D-LSM. Under the circumstances that the time period of the SAR data selected in
this study covered the whole year of 2018, the most direct source of RLSM susceptibility
was the rainy-season D-LSM. Therefore, in this work, we only modified the T-LSM and the
rainy-season D-LSM. The final RLSM is shown in Figure 14. Figure 14a shows the correction
results obtained based on the T-LSM (T-RLSM), in which 30.6992% of the area had low
susceptibility, 25.5569% had medium susceptibility, 22.2201% had high susceptibility, and
21.5237% had very high susceptibility. Figure 14b provides the RLSM obtained by updating
the D-LSM (D-RLSM). The statistical analysis revealed that the low-, medium-, high-, and
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very-high-susceptibility regions composed 31.4236%, 26.7181%, 23.9557%, and 17.9025% of
the study area, respectively (Table 8).
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Table 8. Overview of the derived RLSMs.

Degree of
Susceptibility

T-RLSM Rainy-Season D-RLSM

No. of Cells % No. of Cells %

1 2,229,187 30.6992 2,281,785 31.4236
2 1,855,782 25.5569 1,940,105 26.7181
3 1,613,486 22.2201 1,739,516 23.9557
4 1,562,920 21.5237 1,299,969 17.9025

Overall, the susceptibility distributions of the T- and D-RLSMs and their corresponding
LSMs obtained before refinement were basically consistent. In detail, the area percentages
of low-susceptibility regions in the study area were reduced by 0.868% and 0.9083% in
the T- and D-RLSMs, respectively. The area percentages of the other three susceptibility
classes all saw small increases, especially the very-high-susceptibility class, which increased
by 0.4074% and 0.4527% in the T- and D-RLSMs, respectively. From this result, we can
infer that the surface deformation rate can be used to update the LSM in the study area to
improve timeliness, providing a certain degree of practicability.

To evaluate the inconsistencies in the derived LSMs, we calculated the differences
within the four pairs of combinations in the above LSMs/RLSMs separately according to the
susceptibility class of each evaluation unit (Figure 15): (i) the T-LSM and T-RLSM; (ii) the
D-LSM and D-RLSM; (iii) the D-RLSM and T-LSM; and (iv) the T-RLSM and D-RLSM. The
differences derived for combinations (i) and (ii) are shown in Figure 15a and b, respectively.
Initially, the figures show that the regional distributions of the susceptibility degrees are
very similar between the two groups and are consistent with the corresponding positions
of high Vslope values. Concentrating on the northwestern and entire southern regions, the
statistical analysis (Table 9) indicated that only 1.2365% and 1.3244% of the cells changed,
respectively, among which approximately two-thirds of the cells underwent 1-degree sus-
ceptibility increases. Figure 15c provides a visualization of the discrepancies derived for
combination (iii). The statistical information (Table 10) shows that most cells in the T-LSM
remained consistent when the soil moisture and MT-InSAR deformation information were
integrated. However, 22.4914% of the cells underwent susceptibility changes, correspond-
ing to an area of approximately 1416.5 km2. Among these cells, the susceptibility degrees of
972 units decreased by 2, those of 996,480 units decreased by 1 degree, those of 606,255 cells
increased by 1 degree, those of 19,356 units increased by 2 degrees, and those of 10,125 units
increased by 3 degrees. Furthermore, the differences between the two images (Figure 15d)
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assessed in combination (iv) indicate a decrease in the susceptibility degree similar to that
seen in combination (iii). While 89,784 more cells maintained the same susceptibility degree
in this combination, the number of cells that underwent susceptibility increases of 1 degree
decreased by 60,305, while 2 more cells underwent susceptibility degree increases of 2.
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Table 9. Overview of the differences between the LSMs derived before and after refinement.

Difference in the
Susceptibility Degree

Difference between the T-LSM and RLSM Difference between the D-LSM and D-RLSM

No. of Cells % No. of Cells %

0 7,171,591 98.7635 7,165,205 98.6756
+1 60,305 0.8305 64,922 0.8941
+2 19,354 0.2666 20,686 0.2849
+3 10,125 0.1394 10,562 0.1455

Table 10. Overview of the differences among the T-LSM, T-RLSM, and D-RLSM.

Difference in the
Susceptibility Degree

Difference between the T-LSM and RLSM Difference between the D-LSM and D-RLSM

No. of Cells % No. of Cells %

−2 972 0.01339 972 0.01339
−1 996,480 13.7230 996,480 13.7230
0 5,628,187 77.5086 5717,971 78.7450

+1 606,255 8.34900 545,950 7.5186
+2 19,356 0.2666 2 0.00003
+3 10,125 0.1394
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The results show that the inclusion of surface deformation information does not cause
the area of each susceptibility degree in the resulting LSM to vary significantly; nevertheless,
after integrating both the soil moisture and MT-InSAR datasets, nearly a quarter of the
study area experienced a susceptibility degree increase or decrease compared to the T-LSM
and T-RLSM, indicating dynamic conditions.

To assess the correlation between actual landslides and the RLSMs, we linked the
historical landslide dataset used to train the model and the new landslide dataset used for
validation to calculate their landslide density index values relative to the RLSMs. To ensure
the reliability of the results, only the corresponding datasets were used in this procedure to
test the landslide fitting degree of the T-RLSM and rainy-season D-RLSM. Figure 16a shows
the landslide fit test results derived using the historical landslide data recorded during the
rainy season. Whether the LSM or RLSM was being assessed, the relative landslide density
index discrepancies derived between the maps under the same susceptibility class were
very small. The maximum disparity reached only 3.0851%. In contrast, the index obtained
for the very high susceptibility class was much greater than the corresponding indices
in the other three categories, and the maximum difference reached 84.5033%. Figure 16b
shows imagery of the indices derived based on the validation landslide dataset. In this
context, the indices shown in the four low-susceptibility graphs are small and similar. The
index inconsistencies between the LSMs and the RLSMs increased as the susceptibility
degree increased, starting from the medium susceptibility degree and reaching a maximum
of 28.6899%. Notably, the inconspicuous index differences between the RLSMs and the
LSMs shown in Figure 16a are small. In addition, a phenomenon described above is
again magnified here; in short, the very-high-susceptibility classes in the RLSMs predict
landslides with a higher accuracy than those in the LSMs. Clearly, the relative landslide
density index of each LSM/RLSM exhibits the same trend under the two landslide datasets,
and both show the characteristic of increasing with the susceptibility degree. Nonetheless,
the differences between these indices were significant between the different landslide
datasets, especially when assessing the validation set. This outcome suggests that the
very-high-susceptibility areas in the RLSMs tended to experience landslides more often
than the corresponding areas in the LSMs, while other susceptibility areas exhibited the
opposite trend; that is, the landslide predictions provided by the RLSMs were more reliable
than those derived from the LSMs.
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5.4. Results of Specific Case Studies

In summary, most of the pixels that exhibited increased susceptibility degrees were
distributed in the western and southeastern regions of the study area, whereas most of the
pixels with decreased susceptibility degrees were distributed in the northern and central
regions. Therefore, we selected three specific slopes in Dongfeng town, Haila town, and
Dajie township as examples for a brief discussion.
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5.4.1. Dongfeng Town

Dongfeng town is located in southeastern Weining and is characterized by terrain that
is high in the north and low in the south. The slope analyzed herein is located in Yuanmudi
and Huangni Villages, along the southeastern edge of Dongfeng. The coordinates are
104◦34′31′′–104◦34′41′′ E and 26◦48′3′′–26◦48′11′′ N. In Figure 17, the purple vector bound-
ary represents the boundary of the slope; this boundary was obtained by identifying the inter-
section of the ridge line and the valley line. The T-LSM results (Figure 17a) show that the slope
is dominated by moderate susceptibility. According to the statistical results (Figure 18),
only approximately 3.57% of the pixels were predicted to have very high susceptibility; that
is, the possibility of landslides occurring on this slope is small. In the D-LSM (Figure 17b),
the number of high-susceptibility cells in this region increased significantly, accounting for
approximately 71.43% of the area. However, the scale of very-high-susceptibility cells was
still as low as 12.5%. Due to the complex geological and geomorphological conditions in the
surrounding area and the frequent occurrence of historical landslide disasters, the predic-
tion of a great number of very-high-susceptibility units around this slope is consistent with
the actual records, while the quantities of very-high-susceptibility pixels in the field of view
and the slope body are close to those exhibited by the T-LSM. Nevertheless, the MT-InSAR
dataset (Figure 17c) expressed that this slope is active from top to toe, and the maximum
Vslope value was higher than 24 mm/year, suggesting ultrahigh-speed deformation. The
refined D-RLSM (Figure 17d) rectified the very-high-susceptibility regions that were not
forecasted in the LSMs, allowing their proportion to increase by 42.8572% and 33.9286%
compared to the T-LSM and D-LSM, respectively.
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To validate the above results, a field investigation was performed in the monitoring
range (Figure 19a). The landform of interest is an eroded low- and medium-sloping
mountain; the slope faces northwest; the maximum elevation disparity is approximately
100 m; the top of the mountain slopes gently, representing a platform with a slope of 5◦–10◦;
and the slope in the valley typically ranges from 20◦–30◦ with local slopes greater than 40◦.
The Quaternary residual slope contains 0–2 m thick gravels and silts, and the lower part
of the slope contains Permian Yangxin Longtan Formation (P3l) mudstones and siltstones
intercalated with coal. At the same time, the middle and upper regions of the slope contain
the argillaceous siltstone of the Feixianguan Formation of the Lower Triassic System (T1f),
which has a rock formation of 170◦∠8◦, two groups of joints developed at 200◦∠70◦ and
140◦∠75◦, and bedrock that is strongly weathered and broken. Tensile cracks are densely
developed on the ground in the middle and upper regions of the slope (Figure 19b); these
cracks are 10–30 cm wide, 2 m deep, and 10–20 m long, with 3–12 cm subsidence. Multiple
fractures have appeared in the mechanical tillage road (Figure 19c), and some houses in
Huangni Village have been damaged by these pulling cracks (Figure 19d). The Dongfeng
Xijing Coal Mine Area of the Water Mining Group is located on the southern periphery of
this monitoring area. Thus, it is speculated that the slope cracking and subsidence observed
in this region are mainly caused by the goaf and rainfall.

Based on the on-site investigation and interviews, the stability of the deformation
area of this slope is poor, and there is a high possibility of landslide danger. Although
no landslides have yet occurred on this slope, the actual deformation situation cannot be
ignored. The susceptibility class of this area should be divided into the very high class,
as suggested by the D-RLSM. Thus, we suggest the continuous monitoring of this slope.
Namely, in the case that the RF model cannot properly predict the susceptibility class of this
slope, the D-RLSM refined by the correction matrix could be used to reduce the omission
rates when forecasting landslides using LSMs.



Land 2023, 12, 1444 26 of 34

Land 2023, 12, x FOR PEER REVIEW 27 of 36 
 

To validate the above results, a field investigation was performed in the monitoring 
range (Figure 19a). The landform of interest is an eroded low- and medium-sloping moun-
tain; the slope faces northwest; the maximum elevation disparity is approximately 100 m; 
the top of the mountain slopes gently, representing a platform with a slope of 5°–10°; and 
the slope in the valley typically ranges from 20°–30° with local slopes greater than 40°. The 
Quaternary residual slope contains 0–2 m thick gravels and silts, and the lower part of the 
slope contains Permian Yangxin Longtan Formation (P3l) mudstones and siltstones inter-
calated with coal. At the same time, the middle and upper regions of the slope contain the 
argillaceous siltstone of the Feixianguan Formation of the Lower Triassic System (T1f), 
which has a rock formation of 170°∠8°, two groups of joints developed at 200°∠70° and 
140°∠75°, and bedrock that is strongly weathered and broken. Tensile cracks are densely 
developed on the ground in the middle and upper regions of the slope (Figure 19b); these 
cracks are 10–30 cm wide, 2 m deep, and 10–20 m long, with 3–12 cm subsidence. Multiple 
fractures have appeared in the mechanical tillage road (Figure 19c), and some houses in 
Huangni Village have been damaged by these pulling cracks (Figure 19d). The Dongfeng 
Xijing Coal Mine Area of the Water Mining Group is located on the southern periphery of 
this monitoring area. Thus, it is speculated that the slope cracking and subsidence ob-
served in this region are mainly caused by the goaf and rainfall. 

 
Figure 19. Field investigation map of Dongfeng town: (a) the slope of interest; (b) a ground fracture 
(the yellow point in Figure 17); (c) a road crack (the green point in Figure 17); and (d) a house crack 
(the blue point in Figure 17). 

Based on the on-site investigation and interviews, the stability of the deformation 
area of this slope is poor, and there is a high possibility of landslide danger. Although no 
landslides have yet occurred on this slope, the actual deformation situation cannot be ig-
nored. The susceptibility class of this area should be divided into the very high class, as 
suggested by the D-RLSM. Thus, we suggest the continuous monitoring of this slope. 

Figure 19. Field investigation map of Dongfeng town: (a) the slope of interest; (b) a ground fracture
(the yellow point in Figure 17); (c) a road crack (the green point in Figure 17); and (d) a house crack
(the blue point in Figure 17).

5.4.2. Haila Town

Haila town is located in western Weining County. The terrain in this region is low
on the periphery and high in the middle. The slope of concern in this work is located
at the western edge of Haila town, across the Niulan River from Huohong township, in
Yunnan Province. In Figure 17, the purple vector represents the boundary of the slope. In
detail, a complex small landslide was reported on the upper part of the S1 slope in 2019, at
the coordinates of 103◦43′49′′–103◦44′22′′ E and 26◦46′18′′–26◦46′47′′ N. The slope faces
northwest, the maximum slope degree is approximately 32◦, and the maximum elevation
difference is approximately 310 m. According to the D-RLSM results (Figure 20d), most of
the pixels in the upper part of the slope are characterized by the very-high-susceptibility
class, while the middle and lower parts of the slope mainly correspond to high susceptibility.
Based on the premise that the T-LSM scarcely changes over long timeframes, the T-LSM
(Figure 20a) exhibited many cells with very high susceptibility in the current field of
view. However, most of the evaluation units showed low and medium susceptibility
levels in the upper part of S1, suggesting inconsistencies with the field survey results.
The areas predicted as being of high and very high susceptibility did not have reported
events or signs of landslides, while areas corresponding to low and medium susceptibility
had experienced landslides or showed signs of landslides in the past; these findings
represent the manifestations of false alarm and omissions, respectively. Thus, in the
D-LSM (Figure 20b), in which SMAP-R dynamic data were incorporated, the false alarm
rate was vastly diminished as the quantities of high- and very-high-susceptibility cells
decreased. The statistics of the coverage ratio of each class (Figure 21) illustrated that within
the range of slope S1, the very-high-susceptibility regions of the D-RLSM accounted for
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approximately 25.6566% of the entire slope, 9.0909% more than those areas indicated by the
LSM and D-LSM, while the areal proportions of the other three susceptibility degrees were
slightly lower than those reflected in the LSM and D-LSM. Next, the MT-InSAR dataset was
analyzed, highlighting a different scenario (Figure 20c) in which the PS/DS displacement
information confirmed that the upper part of the S1 slope was active as well as the S2
slope; in addition, the maximum Vslope value was higher than 24 mm/year. Although
the S2 slope has not yet been exposed to landslide dangers, its rapid deformation and
potential for landslides must be considered. Furthermore, the displacement information
shows that the susceptibility of the upper part of the slope was significantly controlled
by the surface deformation information, which could not be suitably predicted by the
RF method; thus, the benefit obtained by refining the LSM with the correction matrix is
obvious. Considering the SMAP-R dataset and the areas highlighted in the MT-InSAR map,
the D-RLSM represents the optimal prediction of slow-moving landslides among the LSMs
derived herein.
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5.4.3. Dajie Township

Dajie township lies in the northeast region of Weining County. The terrain is high in
the northwest and low in the southeast. The hillside we are interested in with regards to this
work is located in the middle of Dajie township. In Figure 22, the purple polygon represents
the vector boundaries of the slope of interest. This slope is located between 104◦13′24′′ and
104◦14′6′′ E and between 27◦4′40′′ and 27◦5′8′′ N. The slope faces south, has a maximum
slope angle of approximately 36◦, and has a maximum elevation disparity of approximately
200 m. No landslides have been reported on this slope to date. Conversely, the T-LSM
(Figure 22a) exhibited very high susceptibility degrees for many cells on the target slope
and on other slopes or in other regions within the current window, thus increasing the
predicted false alarm rate for landslides. In addition, the derived PS/DS displacement
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information suggests that this slope is basically steady. Compared to the T-LSM, the
scale of the very-high-susceptibility units in the D-LSM and D-RLSM was reduced by
approximately 60% (Figure 23). In this case, the D-RLSM (Figure 22d) created from the
D-LSM (Figure 22b) based on the dynamic information contained in the SMAP-R dataset
and Vslope map (Figure 22c) is indispensable and immediately enhances the landslide
prediction accuracy by reducing the false alarm rate and omission rate.
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6. Discussion
6.1. D-LSM

Soil moisture conditions play a crucial role in the occurrence of landslides. By combin-
ing soil moisture data with LSMs, researchers can dynamically update and correct landslide
susceptibility degrees in areas affected by soil moisture, thereby reducing the LSM’s false
alarm rate and improving the LSM’s reliability. The high- and very-high-susceptibility areas
indicated by the T-LSM predicted by the RF model surrounded the study area, while the
very-high-susceptibility areas indicated by the D-LSM were mainly concentrated around
the four diagonal corners. Comparing the T-LSM generated using traditional static factors
with the D-LSMs obtained while considering soil moisture conditions, the addition of soil
moisture conditions resulted in susceptibility level changes in nearly one-quarter of the
cells. Variations in soil moisture are accompanied by fluctuations in landslide susceptibility.
The rainy-season D-LSM exhibited susceptibility changes in 20% of the units compared
to the dry-season D-LSM. Through the statistics obtained by comparing the T-LSM with
the D-LSM linked with the landslide dataset, we found that the fitting degree of these
two LSMs in the new landslide dataset was lower than that of the historical landslide
dataset. Nevertheless, the latter still had a higher fitting degree than the former in each
susceptibility class due to the former containing nearly one-fifth fewer units in the very-
high-susceptibility class than the latter. Regarding the new landslide dataset, the relative
landslide density index difference of the T-LSM was larger than the value calculated using
the historical landslide dataset. Specifically, the validity and reliability of the D-LSM were
better than those of the T-LSM when predicting landslides in the future.

However, the D-LSM has certain limitations. First, landslide samples are the basis
for training the model. Therefore, the input landslide dataset requires highly accurate
spatiotemporal information and detailed property descriptions to maintain spatial and
temporal consistency with soil moisture products, as well as to ensure the applicability
of the soil moisture products to the research object. Second, the SMAP-R, derived from
the satellite remote sensing retrieval method, provides relatively temporally and spatially
complete soil moisture information on a national or even global scale. However, the spatial
resolution of these data becomes slightly rough when the scale of the observation object
shrinks to a city or county. With the intention of improving the spatial resolution of the
SMAP-R data, appropriate interpolation and resampling methods must be considered. If
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necessary, optimization by referring to field measurements or establishing a hydrological
model [68] is recommended. In addition, the SMAP-R data contain root zone soil mois-
ture information estimated by combining the surface microwave radiation (or brightness
temperature) and radar backscattering measured by the sensor with other auxiliary data
(e.g., meteorological data and surface properties and parameters). During this procedure,
estimation inaccuracies and errors occur due to the inevitable errors present in each stage,
thus introducing uncertainty in subsequent applications. Hence, it is necessary to consider
this potential defect as well as its direct and indirect effects. Under certain conditions,
actual observations may be introduced to ameliorate this problem.

6.2. RLSM

MT-InSAR can be used to identify only surface motion and temporarily ignore land-
slides in the absence of displacement. On the other hand, LSMs use only some explicit
deformation features and have limitations when estimating the recent activities of individ-
ual landslides. Therefore, by combining LSMs with MT-InSAR, the landslide susceptibility
degrees of areas affected by surface deformation can be refined and corrected in a targeted
manner to improve the LSM’s accuracy. Similar to the LSMs predicted by the RF model, the
distribution of each susceptibility class in the RLSMs is approximately the same. However,
the MT-InSAR technique produces contrasting monitoring results in the time series images.
For example, in some areas with low, medium, or even high susceptibility, large Vslope
values indicate that the slopes are active. In this case, we may increase the susceptibility
degree of the areas affected by ground deformation, as highlighted in the average defor-
mation rate map characterizing the steepest aspect projected from the MT-InSAR data. By
comparing the LSMs and RLSMs, it can be found that the RLSMs correct the susceptibility
in approximately 1.3% of the evaluation units, most of which are distributed in the central
and western parts of the study area. The relative landslide density index values of the
RLSMs and LSMs show that using disparate landslide datasets provides visual feedback,
suggesting that the former is exponentially lower than the latter. Looking beyond the
appearance to see the essence, “very high susceptibility” suggests the greatest likelihood of
landslide occurrence. The higher the degree of fit, the more accurate the result is. Otherwise,
the lower the susceptibility, the less likely a landslide will occur. The lower the fitting
degree, the more reasonable the prognostication is. The testing of the utilized models with
the historical landslide dataset is, in turn, a verification of the fit of historical landslides,
while the new landslide dataset is used to verify the fit of anticipated landslides. To put it
simply, the prediction accuracies of the LSMs and RLSMs are very high and similar when
compared to historical landslides. In contrast, the accuracies of the RLSMs are greatly
increased compared to those of the LSMs when assessing new landslides.

Having said that, this work also has some restrictions. First, it is difficult to apply
the MT-InSAR technique to measure surface deformation associated with large movement
rates or intense seasonal variations (usually faster than 10–20 cm/year) [32], mainly due
to the wavelength of the radar and the revisit period of the platform. Therefore, the
pixel offset tracking method can be applied as a complement to the MT-InSAR dataset;
this method is based on the cross-correlation of SAR image amplitude values and has
been shown to be an effective tool for measuring large displacement velocities [69] and
reducing temporal decoherence using relatively high-temporal-resolution data. Second,
the geometry-related limitations of SAR imagery largely affect the application of InSAR
technology in mountainous areas due to topographic factors such as oblique range imaging,
overlapping, and shadowing. When the LOS direction is unfavorable to the assessment
of surface deformation, it may reduce the quantity of available measurement points or
even result in no available points. To improve this situation, data could be obtained from
different orbits (ascending or descending) and sensors and included in analyses. Next,
systematic errors may occur in densely vegetated mountainous areas due to the inherent
limitations of SAR technology. One of the solutions to this problem is to utilize relatively
long radar wavelength data to minimize the correlation effects caused by vegetation cover
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and ameliorate radar signal penetration. Alternatively, PSs and DSs can be combined to
make full use of InSAR stack data, thus reducing noise and increasing the scatterer density
with the aim of improving the displacement monitoring of hills covered by pastures, shrubs,
and bare soils.

7. Conclusions

LSMs represent basic tools used in landslide hazard risk assessments and management
measures, urban planning, and land resource management. To advance the reliability and
timeliness of LSMs while reducing their false alarm rate and omission rate, in this paper
we propose a new method for dynamically refining LSMs by integrating SMAP-R products
and the MT-InSAR dataset.

In this study, we considered 12 static parameters, such as the slope, aspect, and
curvature, and SMAP-R as a dynamic factor when constructing a landslide susceptibility
evaluation system. With these parameters, the RF algorithm in the sklearn package of
Python was used to generate three LSMs representing Weining County, Guizhou Province,
at an evaluation unit resolution of 30 × 30 m. The ROC and relative landslide density
index analyses showed that the LSM in which the SMAP-R factor was introduced had the
best AUC value (0.9132) and a relatively high landslide fit (56.5470%), thus indicating that
SMAP-R improved the landslide prediction accuracy obtained using LSMs in the study area
and increased the reliability of these LSMs. The variations in the SMAP-R data were used
to construct different LSMs, and the false alarm rate of the resulting T-LSM was reduced
to a certain extent. Essentially, SMAP-R data has the ability to dynamically update LSMs,
making near-real-time or even real-time landslide predictions possible.

An MT-InSAR analysis was also implemented in Weining County using the acquired
2018 Sentinel-1A dataset to obtain the PS/DS deformation along the LOS direction. Fur-
thermore, the average deformation rate was calculated along the steepest slope to prevent
the effects of geometric distortion. Next, the data were resampled to the same resolution as
the LSMs. A correction matrix was established depending on the susceptibility and velocity
to determine the final susceptibility class corresponding to each evaluation unit under the
impact of the MT-InSAR measurements. This process induced susceptibility changes in
approximately 1.2365% and 1.3244% of the pixels in the T-LSM and D-LSM, respectively.
The comparison of the D-RLSM with the T-LSM showed that the original susceptibility
degree of the region within a total area of approximately 1416.5 km2 either increased or
decreased. The outcomes of the relative landslide density index conveyed that the landslide
prediction accuracy of the D-RLSM (79.2323%) was greatly increased compared to that of
the LSM; in addition, the false alarm rate of the D-RLSM was greatly reduced.

That is, the D-RLSM generated using the method proposed herein allowed for more
targeted landslide predictions with higher reliabilities and timeliness, as well as lower false
alarm and omission rates.

This process can be easily applied in different regions where SMAP-R and MT-InSAR
datasets are available. The method proposed herein will assist planning and decision-
making departments/units in producing reliable LSMs.
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