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Abstract: Potential rockfall source areas are widely distributed in the high mountain areas of the
Tibetan Plateau, posing significant hazards to human lives, infrastructures, and lifeline facilities. In a
combination of field investigation, high-precision aerial photogrammetry, and numerical simulation,
we took the Maoyaba basin as an example to explore a rapid identification method for high-altitude
rockfall sources. An automatic potential rockfall source identification (PRSI) procedure was intro-
duced to simplify the process of rockfall source identification. The study revealed that rockfall sources
are concentrated in areas with intense frost weathering. Our identification results were validated
using rockfall inventory data detection from remote sensing images and field investigation. Of the
rockfall source areas identified by the PRSI procedure, 80.85% overlapped with the remote sensing
images result. The accuracy assessment using precision, recall, and F1 score was 0.91, 0.81, and
0.85, respectively, which validates the reliability and effectiveness of the PRSI procedure. Mean-
while, we compared the rockfall source distribution of five DEMs with different resolutions and four
neighborhood areas. We discovered that, in addition to high-resolution DEMs (i.e., 1 m and 2 m),
medium-resolution DEMs (i.e., 5 m, 12.5 m) also perform well in identifying rockfall sources. Finally,
we conducted a hazard assessment based on Culmann’s two-dimensional slope stability model and
rockfall hazard vector method. Appropriate protective measures should be taken at high-hazard
sections to safeguard pedestrians, vehicles, and related infrastructure from rockfalls.

Keywords: high mountains; potential rockfall source identification; hazard assessment; DEM resolution

1. Introduction

Rockfall refers to the dynamic process of blocks moving rapidly down a slope through
free fall, impact rebound, projectile movement, rolling, or sliding and finally accumulating
in a relatively gentle area or near an obstacle [1,2]. It is a common type of mass movement
that poses significant threats to human lives and property in mountainous areas. Rockfalls
are characterized by their high concealment, sudden detachment, strong continuity, and
high energy, with volumes ranging from a few cubic centimeters to thousands of cubic
meters [3,4]. Considerable research has been conducted worldwide on rockfall hazards,
including rockfall source area identification, rockfall trajectory simulation, rockfall velocity
and energy evaluation, and risk analysis. In particular, the uncertainty in potential source
area distribution makes rockfall hazard assessment a complex task [5]. Therefore, the
quest to identify rockfall source areas has captured the attention and interest of many
scientists [6–8].
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Rockfall sources can be carefully studied through in situ investigation or a rockfall
inventory dataset [9]. However, the traditional field investigation method consumes much
more time and human resources when conducted at the regional scale. Meanwhile, in situ
and inventory data are usually unavailable in the high mountain regions of the Tibetan
Plateau [10]. The availability of high-resolution digital elevation models (DEM) and 3D
surface landscape models has enabled the development of approaches for identifying
rockfall sources [11,12].

Some researchers identified rockfall sources at a regional scale by utilizing remote
sensing interpretation technologies, such as multi-temporal aerial images, high-resolution
LiDAR point clouds, and DEMs [13–15]. Additionally, machine learning techniques
have become a popular approach to assess rockfall issues, requiring large-scale sam-
ple training [5,14–17]. Alternatively, unstable rock areas can be identified through the
slope-angle threshold, considering the high probability of rockfall occurrence in steep
slopes [8,16–18]. For example, Michoud et al. (2012) conducted a detailed slope-angle
analysis of a high-resolution DEM to detect potential rockfall source areas, taking into
account the normal distributions of cliff units. Lopez-Saez et al. (2016) established a fixed
threshold slope angle of 49◦ to identify source areas. Mote et al. (2019) suggested that con-
tinuous cliff bands with slopes steeper than 45◦ could be used as a criterion for identifying
source areas. However, the aforementioned three methods have their limitations, such as
being time consuming, requiring large sample sizes, and disregarding other contributing
factors [19]. Therefore, this study focuses on using analysis methods to evaluate the slope
stability against rotational failure. The classical Culmann’s model assumes a wedge failure
mechanism, which is reasonable in the presence of a planar discontinuity or weakness
zone in the rock mass [20–22]. Wang et al. (2021) proposed a new approach to identify
rockfall source areas, combining the relief and slope angles [23]. Based on previous studies,
a potential rockfall source identification (PRSI) procedure based on Culmann’s model and
the ArcGIS framework was developed to automatically identify the rockfall source area in
this study.

Additionally, in recent decades, rockfall hazard assessment has greatly improved
due to the increasing availability of high-resolution DEMs and their combination with
3D simulation models and GIS platforms [4,24,25]. It is convenient to model rock mass
movement with a detailed trajectory, which supports a high level of geomorphological
mapping and hazard assessment [15,16,26].

In this study, we developed a procedure of PRSI and clarified the impact of various
factors on the identification results. Additionally, we conducted rockfall hazard assess-
ments in the high mountains of the Tibetan Plateau. The Maoyaba basin, characterized by
steep slope, complex geological conditions, and frequent rockfalls, provided an exceptional
opportunity to verify the reliability and effectiveness of the PRSI procedure. This is because,
in this open and vegetation-free high mountain area, the PRSI procedure could be used in
conjunction with remote sensing images to identify rockfall sources simultaneously. The re-
search objectives of this study were as follows: (1) Develop a PRSI procedure which is based
on the ArcGIS framework and Culmann’s two-dimensional slope stability model. This pro-
cedure was combined with field investigation and aerial photogrammetry to achieve a more
accurate and rapid identification of slope instability on a regional scale. (2) Analyze the
effects of DEM resolution and neighborhood area on potential rockfall source identification
results. (3) Predict potential rockfall trajectories and conduct hazard assessment.

2. Methods

In order to understand the potential rockfall source identification and the hazard
zonation of Maoyaba basin, we performed UAV and field data acquisition, source area
identification, and rockfall hazard assessment. The major steps of the adopted approach
are illustrated as follows (Figure 1).
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Figure 1. The flowchart of the proposed methodology includes four parts: UAV data acquisition,
photogrammetric processing, potential rockfall source identification, and rockfall hazard assessment.

2.1. UAV and Field Data Acquisition

The fieldwork for the rockfall investigation included high-precision mapping and
source area verification. Unmanned aerial vehicles (UAV, FEIMA V10, http://www.
feimarobotics.com/zhcn/productDetailV10, accessed on April 2019) were used for aerial
photography to obtain a 3D dense point cloud, real scene model, and high-precision digital
orthophoto map (0.05 m × 0.05 m resolution) [25,27]. It involved several specific steps,
including the collection of flight design data, aerial photography, image control measure-
ments, aerial triangulation, and process modeling [27]. The UAV FEIMA V10 was equipped
with a DV-LiDAR 22 module, which possesses a 35.9 mm × 24 mm sensor, 18 mm focal
lengths, and a wavelength of 1550 nm. During the photogrammetry work, we comprehen-
sively considered the topographic and geomorphic characteristics of the measured area, as
well as the performance of the digital camera (focal length, picture frame) and the product
scale size when planning the flight path. To meet the data resolution requirements, we
ensured that the aerial photography UAV had a heading overlap ratio of more than 80%
and a lateral overlap ratio of more than 60%. The structure-from-motion algorithm was
used to derive DTM data with a 1 m resolution from overlapping images (with a resolution
of 42 million pixels), including feature point extraction, image matching, and bundle ad-
justment. During the modeling process, we utilized SmartMap software and selected high
accuracy with a key point limit of 40,000, aggressive depth filtering, and arbitrary surface
type. Moreover, to ensure sample database integrity and data reliability, we combined
manual investigation and image analysis methods to describe the characteristics of the
hazardous rock.

2.2. Source Area Identification

Rock mass strength is considered as the fundamental controlling factor for
slope stability [20,28]. According to Culmann’s two-dimensional slope stability model
(Equation (1)), if the slope relief in the specified neighborhood exceeds the threshold value,
then the neighborhood is considered a rockfall-vulnerable area [6,14,29,30]. The procedure
of PRSI is as follows (Figure 2).

http://www.feimarobotics.com/zhcn/productDetailV10
http://www.feimarobotics.com/zhcn/productDetailV10
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Figure 2. Flow diagram illustrating the potential rockfall source identification procedure.

Based on the 3D surface elevation data (DEM) of the study area, the slope surface relief
(SSR) in the neighborhood area (NA) is calculated. The neighborhood area refers to the area
of the SSR sampling windows, which is equal to the square of the length of a side. Then,
the slope threshold value is assigned based on statistics research. If the gradient of a grid is
greater than the threshold value, it is classified as a potential source grid; otherwise, it is
classified as a safety grid. Next, the rock mass strength parameters (C, ϕ) of the bedrock
slope at landscape scale are back-calculated. Culmann’s model is used to obtain the limit
slope relief (LSR) in the NA by raster calculation (Equation (1)) [21,30,31].

The stability state is estimated by comparing the current slope surface relief (SSR) with
the limited slope relief (LSR). When SSR > LSR, the corresponding grid is classified as an
early warning grid. The potential source area is delineated by filtering noise from the early
warning grid. We integrated every step of the procedure based on the ArcGIS platform
with a user-friendly interface that allows users to complete identifications within several
minutes for tens of square kilometer areas.

LSR =
4C
ρg
× sinβcosϕ

[1− cos(β−ϕ)] (1)

where LSR is limit slope relief, β is slope angle, ρ is rock density, g is gravitational accelera-
tion, C is cohesion, and ϕ is friction angle.

2.3. Rockfall Hazard Assessment

In this paper, the rockfall hazard index (RHI) was utilized for hazard assessment,
which is a function of three equally important indicators [4]. One of these indicators is
probability, and the other two are kinematic parameters [4,32]. Three factors (block number
C, kinetic energy K, and jump height H) were selected to categorize the hazard of the study
area into three levels: high (I), medium (II), low (III).

The magnitude of the evaluation parameters obtained by numerical simulation was
not uniform. To facilitate the superposition of these evaluation parameters and obtain the
normalized RHI (Equation (2)), appropriate discontinuity points were selected to reclassify
the above parameters into three levels (Table 1). Crosta et al. suggested that a certain part
of the slope is dangerous until at least five or more blocks have been simulated to pass
through it. Since the number of releasing blocks was multiplied by 100 in the numerical
simulation, the number of blocks after normalization was calculated using Equation (3).
The reclassification breakpoints were set to 0.2 and 1. The reclassification breakpoints for
the bounce height and kinetic energy of the rockfall block were mainly determined based
on the protection capacity of existing protective measures, including flexible and rigid
protection facilities. Currently, the actual height of flexible protective nets and rockfall
barrier dams is about 5–7 m and 10 m, respectively. The maximum protection level for
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flexible protective nets can reach around 2500 kJ while that for rockfall barrier dams can
reach around 40,000 kJ [33,34]. Therefore, breakpoints of 5 m and 10 m were selected for the
block bounce height, while breakpoints of 2500 kJ and 40,000 kJ were chosen for energy.

RHI = (C, K, H) (2)

c = C/(5 × n) (3)

Table 1. The discontinuity points of normalized number, kinetic energy, and jump height.

Number c (Normalized) c′ Energy K (kJ) k Height H (m) h

<0.2 1 ≤2500 1 ≤5 1
0.2–1 2 2500–40,000 2 5–10 2

>1 3 ≥40,000 3 ≥10 3

Here, RHI represents the rockfall hazard index, including block number C, kinetic
energy K, and jump height H. The number of rockfall blocks that pass through a grid is
normalized using Equation (4), where c represents the actual number of blocks passing
through a grid, and n represents the total number of blocks released from each source grid.

RHV =

c′

k
h

 (4)

|RH V|=
√
(c′)2 + k2 + h2 (5)

where RHV represents the rockfall hazard vector, c′, k, and h are the values after reclassi-
fication of the number, kinetic energy, and jump height of the blocks passing through a
certain grid. The reclassification thresholds of normalized block number c, kinetic energy
K, and jump height H are shown in Table 1.

Finally, the rockfall hazard vector (RHV) value of each grid cell was calculated, and its
modulus was used to perform the hazard assessment. Based on ArcGIS platform, three
raster layers were calculated using a raster calculator. Combined with historical rockfall
events, the rockfall hazard assessment results were classified into three levels: low level III
(1.732, 3), medium level II (3, 4.123), and high level I (4.123, 5.196).

3. Study Area

The Maoyaba basin is located about 30 km to the west of Litang County of the Ganzi
Prefecture (Figure 3). The study area is characterized by steep terrain, complex and variable
rock structures, and sparse vegetation. Affected by the Litang–Yidun fault belt, rockfall
occurs frequently [35,36]. The National Road G318 runs from east to west about 500 m
away from the foot of the north mountain, and the potential rockfall disaster impact
range requires further prediction and analysis. The study area mainly comprises the
Middle and Upper Triassic Tumgou Formation (T3t), Triassic biotite monzogranite, and
Quaternary loose deposits. The Triassic biotite monzonite granite is grayish white and
consists of phenocrystalline and matrix. It has a massive structure, and some parts exhibit
a streamlined structure formed by phenocrystalline orientation. The Quaternary loose
deposits are mainly composed of alluvium, moraine, ice-water deposits, and rockfall
deposits. Among them, the moraine, ice-water deposits, and rockfall deposits are not
integrated on the granite. They mainly consist of medium sand, boulders, and breccia
gravel layers with poor grinding properties (Figure 3).
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The Litang–Yidun fault passes through the toe of the slope at the north mountain where
the hanging wall on the northeast side is the uplift area, and the footwall on the southwest
side is the subsidence area (Figure 4). The overall strike is about 120◦. The active fault cuts
through the mountains, water systems, and Quaternary sediments, causing the mountain
on the north side to rise continuously, forming a steep mountain. The north mountains
rise more than 5000 m in height, while the south mountain is generally lower than 4500 m
due to weak fault activity signs [35]. Due to the influence of active faults, the north side
of Maoyaba exhibits a high degree of ground fault depression, resulting in erosion by the
Wuwang River towards the north bank. In contrast, the south bank is characterized by the
distribution of large amounts of river alluvial and diluvial materials (Figure 4).
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The study area is part of a huge mountainous region characterized by strong ultraviolet
radiation, significant temperature differences between day and night, and significant
seasonal temperature variations. The annual maximum temperature can reach above

https://search.asf.alaska.edu
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50 ◦C, while the annual minimum temperature is approximately −30.6 ◦C. Repeated frost
weathering causes the exposed rock mass to gradually become loose and broken, resulting
in poor slope stability. Due to the deterioration of the slope rock mass under the action of
strong freezing erosion, rockfall disasters occur frequently.

4. Results and Analysis
4.1. Potential Rockfall Source Identification

The raster could be transformed into the source areas by performing the efficient
thresholds of slope angle and relief, derived from the raster calculation. Figure 5 illustrates
the main morphological units in the Maoyaba basin classified by slope angle and relief.
Based on the obtained threshold (Equation (1)), the limited slope-relief raster was inter-
sected with the slope-angle raster within the GIS environment to create probable rockfall
source regions. Subsequently, the area could be identified as a potential rockfall source area
if its present relief exceeded the limit relief corresponding to its slope angle based on the
PRSI procedure.
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The parameters assumed in the identification of rockfall source areas are shown in
Table 2. According to the historical data and reference, rockfalls generally do not occur
when the slope angle is less than 15◦. Therefore, we chose 15◦ as the slope threshold value.
Regarding the neighborhood area value, we discuss it in the discussion part. Additionally,
the strength parameters c and ϕ were fitted by historical rock scars data according to
Culmann’s model. The historical sites were located in the Wolong region in the Tibetan
Plateau. The lithology of the area is mainly diorite and granite with a small component of
phyllite, which is similar to the lithology of Maoyaba region.
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Table 2. Values of the parameters assumed in rockfall source area identification.

Parameters Symbol Unit Value Comment

Slope threshold value St
◦ 15 History rockfalls statistic

Neighborhood area NA m 200
Slope surface relief SSR m Hmax–Hmin According to DEM calculation

Limit surface relief LSR m 4C
ρg ×

sinβcosϕ
[1−cos(β−ϕ)]

Culmann’s two-dimensional slope
stability model

Coherent coefficient c kPa 240 History rockfalls fitting
Friction coefficient ϕ ◦ 23 History rockfalls fitting

Rock density ρ kg/m3 2800 Constant term
Gravitational acceleration g m/s2 9.8 Constant term

Most of the rockfall source areas are distributed at the upper-top part and the lower
parts of the slope, where slope angles are relatively steeper. This distribution is likely to
be affected by the intense fault incision and frost weathering (Figure 6). The slope angle,
relief, elevation, and the distance from the G318 for all the vulnerable grids were analyzed,
and their frequency distributions were obtained. According to the results (Figure 7a),
the rockfall source areas prefer to distribute on slopes with angles ranging from 55◦ to
75◦. The relief of the vulnerable areas ranges from 160 m to 240 m (Figure 7b). Based on
the distribution statistics of elevation (Figure 7c), the rockfall sources in the study area
exhibit a normal distribution, especially concentrated in areas with intense frost weathering.
Additionally, most of the source grids are distributed at distances ranging from 800 m to
5000 m away from the National Road G318 (Figure 7d).
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4.2. Validation
4.2.1. Potential Rockfall Source Identification by Remote Sensing Images

Proper validation should be based on the comparison between the prediction results
and actual observations. The Maoyaba basin is characterized by an open landscape with
sparse vegetation. This unique feature provides an exceptional opportunity to identify
rockfall source area using remote sensing images. Therefore, we compared the differences
between the two methods to validate the prediction results.

The composite figure presents the identification results of the PRSI procedure and
remote sensing images, as well as the magnified comparison of four local areas (Figure 8).
There was an 80.85% overlap between rockfall source areas identified by the PRSI procedure
and the results obtained using remote sensing images. Furthermore, the accuracy assess-
ment of the developed PRSI procedure indicates that the model can efficiently identify
potential rockfall source areas with a precision, recall score, and F1 score of 0.91, 0.81, and
0.85, respectively. The magnified views provide a more intuitive display of the characteris-
tics of the two identification methods (Figure 8a–d). Obviously, both methods identified
locations where historical rockfalls occurred. Compared to the spatially generalized remote
sensing identification, the PRSI procedure is more detailed and can identify more hazardous
blocks in a specific area. This facilitates the adoption of targeted mitigation measures.

4.2.2. Field Investigation

Most of the rockfall source areas identified by the PRSI procedure are distributed on
slopes with high relief and steep terrain (Figure 7). This observation of rockfall distribution
in the field is consistent with the findings from the PRSI procedure (Figure 9). Most of
the historical rockfall deposits are distributed at the foot of slopes with identified rockfall
source areas, indicating that the identified rockfall source areas are associated with historical
rockfalls. This suggests that unstable slopes in these areas are prone to future rockfall events.
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through UAV photogrammetry).

We found that three dominant structures exist within the rock mass, construct structure
J1, N6~25◦E/41◦~50◦; construct structure J2, S2◦~26◦W/45◦~68◦; and unloading structure
J3, N56◦~78◦W/60◦~76◦ (Figure 9). At the location where the fault passes through, the
rock undergoes strong destruction and deformation, resulting in clear cutting of structural
planes (Figure 9a,b). This leads to a discontinuous, fragmented, and loose rock mass.
Furthermore, the development of structural planes is more pronounced in high-altitude
areas due to frost weathering. This results in loose and fragile rock masses that have a
widespread distribution of rockfall source areas (Figure 9c–e). The consistency between the
PRSI and field investigation results further demonstrate the reliability of the method.

4.3. Rockfall Hazard Assessment
4.3.1. Back Analysis of Simulation Parameters

The occurrence of dangerous rocks in this area is mainly controlled by faults and
frost weathering. Faults control the development of dominant joints, and frost weathering
accelerates the deterioration of rock mass quality. The dangerous rock has an angular shape,
so the rock shape was set as a cuboid (bl shape value was 1). Then, based on the field
investigation and UAV aerial photogrammetry image data, slope materials were classified
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into six categories, exposed bedrock area, bedrock area covered by a thin weathering
layer, debris slope, rock debris accumulation slope, fine soil material area, and river or
swamp area (Figure 6). The values for soil type were 6, 5, 4, 3, 2, and 1, respectively.
This indicates that the decrease in rock and soil elasticity is directly related to the normal
recovery coefficient Rn (Table 3).
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Table 3. Numerical simulation parameters of slope materials in study area.

Underground Description Rn Value Range Mean Rn Value Rg70, rg20, rg10 Soil Type

Bedrock 0.48–0.58 0.53 0, 0, 0.05 6
Bedrock with thin weathered material

or soil cover bedrock 0.39–0.47 0.43 0, 0.05, 0.1 5

Talus slope (Ø > 10 cm) or compact
soil with large rock fragments 0.34–0.42 0.38 0.05, 0.1, 0.2 4

Scree (Ø < 10 cm) or medium-compact
soil with small rock fragments or

forest road
0.30–0.36 0.33 0.03, 0.05, 0.05 3

Fine soil material 0.21–0.25 0.23 0, 0, 0 2
River, swamp, or material in which a

rock could penetrate completely 0 0 100, 100, 100 1

To improve the accuracy and reliability of the numerical results, five historical rockfalls
with clear sources and obvious deposits were selected as back analysis sites to invert the
slope material parameters before simulation (Figure 10). There were 3709, 3956, 6441, 1132,
and 1250 grids in the five inversion source areas, respectively. The calculation was set
100 times, that is, 3.71 × 105, 3.96 × 105, 6.44 × 105, 1.13 × 105, and 1.25 × 105 blocks
were thrown. In addition, the rg70, rg20, and rg10 values of different slope materials
were repeatedly adjusted until the simulated blocks from the source area were deposited
within the current deposit range (Table 3). These three values represent the slope surface
roughness, ranging from 0 m to 100 m. The surface roughness is used to calculate the
tangential coefficient of restitution. Therefore, it is just a parameter that determines energy
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loss during a rebound on the surface; it is not a roughness that is added to the topography
as represented by the DEM.
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Figure 10. Back analysis of simulation parameters. (a–e) Five historical rockfalls with clear sources
and obvious deposits.

We used an index A to evaluate the inversion accuracy (Equation (6)). The calculation
results showed that the number of blocks deposited in the accumulation area was 3.59 × 105,
3.77 × 105, 6.339 × 105, 1.10 × 105, and 0.992 × 105, respectively (Equation (6)), and the
corresponding accuracy rates were 96.77%, 95.20%, 98%, 97.35%, and 73.60%, respectively,
indicating that the slope parameter is reasonable. The average values of slope material
parameters of the five sites were selected as the final simulation parameters.

A =
Nd

NTotal
(6)

where Nd is the number of stagnant blocks in the grid of the deposition area, and Ntotal is
the total number of released blocks.

4.3.2. Rockfall Hazard Assessment

Based on the obtained potential rockfall source area and slope parameters, the 3D
numerical simulation of the dangerous blocks was carried out. In the simulation, each
source grid released blocks 100 times, and parameters such as block velocity, energy change,
and final deposition position were calculated (Figure 11).

The jump height, velocity, energy, arrival probability, and deposition blocks of danger-
ous rocks after instability are shown in Figure 11. The potentially dangerous rock moves
down the slope after instability, with a speed up to 50 m/s (Figure 11a). Due to the sharp
steepening of the terrain, the jump height can reach 20 m (Figure 11b), and the energy of
a falling block can reach up to 3 × 105 KJ (Figure 11c). We represented the hazard zone
of potential rockfall by the probability of unstable blocks reaching each grid (Figure 11d).
There is a small probability that the potential rockfall blocks will move onto National
Highway G318, posing a threat to passing vehicles or pedestrians.
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Figure 11. Numerical simulation results of potential blocks’ movement characteristics in the study
area. (a) The number of blocks passing through each cell; (b) the absolute maximum simulated velocity
per raster cell; (c) kinetic energy of blocks passing through each cell; (d) distribution characteristics of
blocks’ reach probability; (e) hazard assessment map of study area (shaded relief map based on 1 m
DEM, accessed through UAV photogrammetry).

According to the hazard zoning results, the areas of high, medium, and low hazard are
12 km2, 9.25 km2, and 8.73 km2, respectively (Figure 11e). The maximum travel distance
of the rock is 3.83 km, 300 m south of National Highway G318. Part of National Highway
G318 passes through the low-hazard area. According to the simulation results, pedestrians,
vehicles, and related infrastructure are at risk of being affected by rockfalls, and appropriate
protective measures should be taken.

5. Discussion

Our new procedure provides a feasible solution for the rapid identification of rockfall
source areas, which is essential for hazard assessment and disaster prevention and mitiga-
tion. There are several issues to pay special attention to when applying it, as they can lead
to uncertainty in the results.
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The accuracy of the identification results heavily depends on the resolution of the DEM
since it provides fundamental data for analysis [37,38]. In addition to recording spatial
elevation information, the DEM also serves as the primary data source for deriving other
important geomorphic parameters such as slope and relief [23,38]. Therefore, selecting
the appropriate resolution of DEM is crucial to ensuring accurate predictions and reliable
analyses of geographical phenomena. In general, increasing the resolution of a DEM leads
to more precise values for relief and slope angles of historical rockfalls, as well as the
potential rockfall source areas [37,39,40]. However, acquiring a high-quality DEM at a
regional scale poses a significant financial expense currently.

We calculated the results for five different resolutions to qualitatively compare the
influence of DEM resolution on rockfall source area identification (Figure 12a). From
the perspective of the source areas spatial distribution, the identification results at low
resolutions were not ideal. We calculated the source area identified using DEMs with
different resolutions. When compared to the identification result using a 1 m DEM as a
reference, we found that DEMs with resolutions of 2 m, 5 m, 12.5 m, and 30 m were able to
identify 94%, 73%, 60%, and 16% of the source areas, respectively. The identification results
for rockfall sources using the 1 m and 2 m DEM resolutions were the best (Figure 12b,c),
followed by the results from DEMs with resolutions of 5 m and 12.5 m (Figure 12d,e).
However, only a small number of source areas could be identified using the 30 m resolution
DEM (Figure 12f) [39].
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Figure 12. Rockfall source area identification under five different resolutions. (a) Overlay map of
identification results of five different resolutions; (b) 1 m DEM resolution; (c) 2 m DEM resolution;
(d) 5 m DEM resolution; (e) 12.5 m DEM resolution; (f) 30 m DEM resolution (shaded relief map
based on 1 m DEM, accessed through UAV photogrammetry).
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Additionally, the size of the NA used to search for the current slope surface relief is also
a crucial factor that affects the accuracy of the prediction results [23,40]. If other parameters
remain constant, the LSR is a known value. As the NA increases, so does the SSR, which
can cause more grids to be incorrectly classified as having lower stability than their actual
state (meeting the condition of SSR > LSR) [40]. Therefore, careful selection of the NA
value is crucial to achieving effective identification. We conducted calculations using four
different NA values to qualitatively compare the influence of NA value on the identification
of rockfall source areas (Figure 13). Among them, when the arena value was set to 50 m,
only a small portion of the source regions could be identified. Furthermore, when the NA
exceeded 200 m, the source regions were significantly over-recognized. Therefore, as a
conservative estimate, we defined the NA for searching potential rockfall source areas to
be 200 m in this study.
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6. Conclusions

This paper proposed an automatic PRSI procedure based on the ArcGIS framework
and Culmann’s two-dimensional slope stability model, which enables rapid identification
of rockfall source areas at a regional scale. Combining field investigation, high-precision
aerial photogrammetry, and numerical simulation, we applied this method to the Maoyaba
basin as an example for performing rapid identification and hazard assessment.

(1) We improved the procedure of PRSI in the high mountain areas of the Tibetan
Plateau. The PRSI procedure identified 80.85% of rockfall source areas that overlapped
with the results from remote sensing images, providing validation for the reliability and
effectiveness of our procedure;

(2) The majority of rockfall source areas identified using the PRSI procedure are
distributed on slopes with high relief and steep terrain, mostly concentrated in regions
with frost weathering zones;

(3) The resolution of the digital elevation model (DEM) plays a crucial role in con-
trolling the accuracy of the identification results. This study found that DEMs with high
resolutions (i.e., 1 m and 2 m) and medium resolutions (i.e., 5 m) performed well in iden-
tifying rockfall sources. Therefore, this study provides guidance for selecting the most
suitable DEM resolution for PRSI;
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(4) Conducting PRSI and hazard assessment for these areas can provide effective
support for disaster prevention and mitigation efforts. The simulation results showed that
some parts of the route are threatened by potential rockfall, indicating that appropriate
protective measures should be taken.
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