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Abstract: Worldwide, landslides claim many lives each year, with an average of 162.6 deaths reported
in Japan from 1945 to 2019. There is growing concern about a potential increase in this number due
to climate change. The primary source of shallow and rapid landslides within watersheds is the
0-order basins, which are located above the 15t order drainage system. These active geomorphological
locations govern the frequency of mass movement. Despite the recognition of their importance,
little attention has been paid to the role of 0-order basins in initiating landslides. Drainage systems
can be extracted using the Digital Elevation Model (DEM) in GIS software. However, the effect of
DEM resolution on the extraction of 1%t order basins remains unexplained. This research develops
an algorithm to assess the impact of DEM resolution on the extraction of first-order basins, channel
head points, and the identification of approximate 0-order basins. The study includes algorithms
to evaluate the correlation between DEM resolution and 15t order drainage system extraction using
fuzzy classification techniques for approximate 0-order basins. The algorithm was applied in Toho
Village, Fukuoka, Japan, defining the most appropriate DEM and stream definition threshold with
an 86.48% accuracy and £30 m error margin for channel head points. Critical slip surfaces were
identified inside the 0-order basins and validated with a landslide inventory map with a 91% accuracy.
The developed algorithms support hazard management and land use planning, providing valuable
tools for sustainable development.

Keywords: 15t order drainage system; DEM resolution; drainage system; 0-order basin; landslides;

fuzzy classification; hazard management

1. Introduction

A sediment disaster or landslide is the downhill movement of soil, rocks, and organic
materials under the influence of gravity, resulting in changes to the landform [1]. Heavy
rainfall, earthquakes, human activities, and rapid snow melting are recognized as the
primary triggering factors for landslides [2-4]. Landslide risk exists in mountainous regions
and, every year, causes great life and financial losses [5]. Worldwide, around 300 million
people are at risk of slope failure, and about 66 million of those people are living in the areas
with a high risk [6]. From 2003 to 2010, the phenomenon resulted in around 70,000 fatalities,
and year by year, fatal landslides are increasing [7]. In Japan alone, the data from 1945 to
2019 reveal an average annual fatality rate of approximately 162.6 people [8]. The fatalities
vary depending on the maturity level of the nation [8]. However, due to climate change
and increases in rainfall, the probability of rapid mass movement is remarkably high, and
the number of fatalities may rise in the future.
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Landslide disasters are a major problem for society, and to achieve the Sustainable De-
velopment Goals (SDGs), a number of researchers have studied the phenomena, and several
methodologies have been proposed to mitigate or reduce the risk of landslides. Abraham
2023 [9] researched the similarities between different debris flow locations using field
investigations and numerical modeling. The study proposed an integrated methodology to
identify the possibility of further debris flows and quantify the similarities between debris
flow locations, materials, and geology using field and laboratory investigations and remote
sensing data. Youssef 2022 [10] compared a support vector machine (SVM), convolutional
neural network (CNN-1 Dimensional), and (CNN-2 Dimensional) landslide susceptibility
mapping for the Asir Region, Saudi Arabia. Alcantara-Ayala 2023 [11] researched the
physics and modeling of landslides. Abraham 2022 [12] proposed a data-driven approach
with a random forest algorithm to estimate the projected area, length, travel distance, and
width of landslides using elevation and slope information. The study was applied to the
Western Ghats of India. Kavzoglu 2014 [13] used GIS-based multi-criteria decision analysis,
support vector machines, and logistic regression for landslide susceptibility mapping in
Trabzon province, Turkey. Mallick 2018 [14] used fuzzy-AHP (Analytic Hierarchy Process)
multi-criteria decision-making techniques for GIS-based landslide susceptibility evaluation
in the Abha Watershed, Saudi Arabia, and others.

In areas with a humid subtropical climate, one of the primary sources of shallow
and rapid landslides is located in the watershed, called the 0-order basin. Unchanneled
swales or hollows that may occupy sizable areas within upper order drainage basins are
referred to as 0-order basins, among other terms. These basins, also known as headwater
areas, are typically characterized by geomorphic hollows located in the middle to upper
portions of the hillslopes. Gullies and rills exist in the 0-order basin and can carry sediments
downslope. However, the physical and conceptual boundaries between gullies and stream
channels are fuzzy and still unclear [15]. It is not necessary for a 0-order basin to always
have gullies and rills.

0-order basins are crucial locations for the accumulation of water, sediment, and
associated geological hazards. They have the potential to transport these materials into
streams, often serving as the starting point for debris flows and rapid landslides [16]. This
is particularly evident in the sediments that accumulate in the axis of 0-order drainage
basins [17-19]. These areas are marked by active geomorphological processes and serve as
potential sources of mass movement [20]. 0-order basins have a significant impact on the
frequency of landslides that originate from colluvial hollows [19,21] and provide a local
depocenter from which hillslope erosion rates can be determined [21]. Additionally, these
basins play a crucial role in governing the movement of sediment, water, and nutrients
from hillslopes to channel networks [20]. The location of the 0-order basin is closely related
to the identification of the 15t order drainage system; however, due to its complexity, the
identification of the basin is still a problem.

In the GIS environment, the DEM is commonly used to extract the surface morphology
and hydrological modeling. Therefore, several researchers have used the DEM for hydro-
logical modeling. Khyat 2023 [22] used the Shuttle Radar Topography Mission (SRTM)
DEM to study the morphometric characteristics of the Hirnayakeshi basin of Maharash-
tra and Karnataka, India. B. H.P. Maathuis and L. Wang 2006 [23] implemented DEM
hydro-processing to extract a drainage system using near-global resolution suitable for
hydrological analysis of a larger river basin. J. F. O and D. M. Mark 1984 [24] presented
a method to extract drainage networks from gridded elevation data, and the researchers
explained that the pattern of drainage was consistent with visual interpretations. Hancock
and Evans 2006 [25] studied a channel head’s location and its characteristics using the DEM
and others.

The resolution and accuracy of DEMs significantly impact hydrological modeling and
watershed delineation. High-resolution LiDAR DEMs offer more accurate representations
of ground surfaces and hydrological features compared to traditional DEMs derived from
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contour maps, which are crucial for modeling surface and subsurface runoff, flow paths,
and water movement rates [26].

In Bangladesh, the SWAT model was used to evaluate different DEM sources, res-
olutions, and area threshold values (ATVs). The findings showed that the best ATV for
accurate watershed delineation is about 40 km?. Higher-resolution DEMs provided more
detailed hydrological features [27]. Furthermore, variations in the vector scales and cell
sizes affect the accuracy of simulated watershed hydrographs, with higher-resolution maps
leading to better hydrograph simulations, highlighting the importance of appropriate
map scales and cell sizes for reliable hydrological predictions [26]. Additionally, a study
on surface microtopographic characteristics and hydrologic connectivity using various
DEM resolutions found that coarser resolutions eliminate topographic features and reduce
depression storage, affecting hydrologic connectivity and surface runoff [28]. Intense work
has been carried out on the effect of DEM resolution and its impact on hydrological model-
ing and morphological feature extraction. However, none of the researchers have proposed
a threshold applicable for the extraction of a 15t order basin based on DEM resolution.

On the other hand, researchers are aware of the existence of 0-order basins and
the hazards associated with them, but the processes involved in identifying the areas
are complex due to geological and morphological factors; therefore, their intricate nature
remains a subject of inquiry. Grieve 2018 [29] proposed that the 0-order basin slope and area
negatively covary, producing the distinct forms observed between the two physiographic
units, which suggested that they arise through competition between spatially variable
soil creep and stochastic land sliding. Sidle 2018 [20] studied the 0-order basin as an
important link for progress in hydrogeomorphology. However, there are still unanswered
questions regarding how the DEM resolution impacts in the extraction of complex drainage
systems, especially the 15 order drainage system, and how to identify the 0-order basin for
a wide region.

Moreover, in disaster management, researchers strongly emphasize post-disaster
scenarios. Less attention has been given to pre-disaster scenarios, which raises an important
question: Can future failure surfaces, particularly those within 0-order basins, be accurately
simulated before a disaster occurs?

To address these gaps, the purpose of this paper focuses on three main points:

e  Assessing the impact of DEM resolution on the identification of 15t order basins and
defining thresholds for various DEM resolutions;
Developing a model to approximate the boundaries of 0-order basins;
Evaluating the critical slip surfaces within approximate 0-order basins.

On 5 and 6 July 2017, record-breaking heavy rainfall occurred in southern Japan,
resulting in widespread slope failures and debris flows in mountainous regions. An
algorithm was developed and implemented in Asakura City and Toho Village, Fukuoka
Prefecture. Through this study, it has been determined that DEM resolution affects the
extraction of the 1%t order basin. With a 1 m DEM resolution and stream definition of
0.003 km?, 1% order drainage systems can be extracted with an 86.48% accuracy and with
a tolerance of a 30 m error margin. Moreover, the designed algorithm provides precise
and realistic information about the approximate 0-order basin and the critical slip surface
considering the morphology of the basin.

The results of this study were validated with the visual interpretation of the landslide
after the July 2017 incident, and they show a good match between the actual event and the
simulation. In summary, with a 91% success rate in the detection of past landslides, the
developed algorithms accurately mapped the 1 order drainage system, channel heads,
approximate 0-order basin, and critical slip surface inside a 0-order basin. The generated
map will assist the responsible authorities in enhancing disaster mitigation and urban
planning in high-risk zones. The anticipated outcomes include the ability to identify risks
and assess their severity within 0-order basins.
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2. Data Collection

To implement this study, an area of approximately 3256 km? located between Fukuoka,
Saga, and Oita Prefectures (Figure 1) was selected.
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Figure 1. Study area location map.

DEMs with resolutions of 10 m, 5 m, 1 m, and 50 cm were obtained. The DEMs with
resolutions of 10 m and 5 m were downloaded from the Geospatial Information Authority
of Japan website. The 1 m resolution data were obtained from Asia Air Survey Co., Ltd.
Additionally, the 0.5 m existing DEM Laser Profile data were used.

To evaluate the slope stability using 3D Monte Carlo analysis, a lithological /geological
map scale of 1:200,000 (Figure 13) from the Geological Survey of Japan is used to select the
geotechnical parameters.

3. Methodology

Based on the objective of this research, the methodology is divided into three sections.

3.1. DEM-Based Drainage System Modeling

DEMs are foundational geospatial datasets that are essential for the hydrological and
geomorphological studies of a surface. DEM-based drainage system extraction uses DEMs
to identify and analyze natural water flow over landscapes [29]. This process is useful in
watershed delineation, flood hazard assessment, and environmental planning.

The resolution and accuracy of DEMs are critical for hydrological modeling and
watershed delineation. High-resolution LIDAR DEMs provide more precise representations
of ground surfaces and hydrological features compared to traditional DEMs [25,27]. This
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precision is essential for accurately modeling surface and subsurface runoffs, flow paths,
and water movement rates. Additionally, stream threshold values help accurately delineate
detailed hydrological features in high-resolution DEMs; the smaller the threshold value,
the more detailed the hydrological features [27].

Drainage networks are established by determining flow directions and aggregating
the contributing cells on grids computed from DEMs [24,30]. The steepest path that water
would take in each grid cell is indicated by the flow direction, and the number of contribut-
ing cells to each cell is determined by flow accumulation. Watershed delineation, the next
stage in the model, uses flow accumulation grids to trace upstream from selected pour
locations and establish watersheds within a study area. Understanding the catchment areas
of rivers, streams, and other water bodies requires pinpointing the area that contributes to
a given point. By establishing a flow accumulation threshold (stream threshold), stream
networks can be identified. A lower threshold value can improve the details of the stream
network [27]. Cells with flow accumulation values greater than this limit are considered
as part of the stream network. This process identifies stream lengths and their spatial
distribution and allows for the classification of streams according to order, facilitating sub-
sequent drainage system studies. DEM-based drainage system extraction has wide-ranging
applications, including flood modeling, water resource management, land use planning,
and environmental assessments. It is important to know that the topographic depression
filling in DEMs affects river drainage patterns and surface runoff. Filling these depressions
influences the geomorphic structure of river networks and the hydrologic response of
watersheds. Neglecting topographic depressions can significantly alter drainage patterns,
water flow paths, and the overall hydrological behavior. Thus, preserving natural depres-
sions in DEMs is crucial for accurate hydrological modeling and reliable flood dynamic
and watershed response predictions [31].

Considering the above fact, an algorithm was developed considering the D8 Flow
Direction, in which the DEM will be used to fill in missing values and extract the drainage
lines and catchment based on the stream threshold values (Figure 2).
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Figure 2. Drainage system algorithm diagram.
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3.2. Extraction of Approximate 0-Order Basin

From the explanation of the 0-order basin, it has been clarified that the basin is located
in the middle to upper part of the hillslope above the channel head points. In light of this
definition, an algorithm was created (Figure 3).
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Figure 3. Approximate 0-order basin algorithm diagram.

The fuzzy landform classification algorithm is used to narrow the study’s focus to only
0-order basins. Fuzzy landform classification is an advanced method for categorizing and
characterizing landforms using fuzzy logic principles [32]. Unlike traditional classification
methods that assign a single category to each terrain feature, fuzzy classification allows
for the assignment of multiple categories with varying degrees of membership [33]. This
method utilizes the focal statistic to reduce digital DEM noise and extract morphometric
layers, which serve as the basis for landform analysis. The focal statistic smooths the
DEM data, minimizing artifacts and enhancing the accuracy of subsequent morphometric
calculations. Fuzzy logic principles are employed to handle the inherent uncertainty and
imprecision in terrain data [34]. In this approach, each landform category is represented by
a fuzzy set, and each terrain feature is assigned a membership value () ranging from 0 to 1,
indicating the degree to which it belongs to a specific landform category. The membership
function p(x) can be expressed as:

1

- 1 _|_e—k(x—c) @

p(x)

In Equation (1), x is the terrain parameter, c is the center of the fuzzy set, and k is

the slope parameter controlling the transition between categories. The fuzzy membership

values are computed for various terrain parameters, such as slope, curvature, and elevation,

and combined to produce a comprehensive landform classification. This methodology of-

fers a flexible and accurate means of portraying and analyzing the intricate and transitional

nature of landforms. By assigning membership values to various landform categories,

determined by the extent to which a location or terrain feature exhibits the characteristics
of each category, fuzzy logic accommodates inherent uncertainty and imprecision [35].
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Based on the Nakanishi report [36] on the Otoshi River catchment, the 2017 rain-
induced slope failure occurred on slopes between a 28° angle and 37° angle. Therefore,
surfaces with angles of 0° to 10° were considered flat, while the rest were categorized as
mountainous regions. By using the algorithm, the flat surface was removed, and catchment
and channel head points in the mountainous area were extracted. The algorithm allows the
user to adjust the value of the flat surface based on their study purpose.

Upon the removal of the flat surface and the channel heads and catchments in the flat
surface from the calculation, the algorithm uses the channel head and draws a perpendicular
line to the 15t order drainages on the position of the channel head; it is worth mentioning
that the direction of a perpendicular line is affected by the shape and direction of the
drainage line; therefore, the 1%t order drainage line was simplified to reduce the noise
generated from the high-resolution DEM. Moreover, the algorithm uses the perpendicular
line, channel head drainage line, and mountain catchment and loops the concept (Figure 4)
to extrapolate the approximate 0-order basins over a wide region.
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Figure 4. Approximate 0-order basin concept model.

3.3. Critical Slip Surface

The main purpose of defining the approximate 0-order basin in this study is the
identification and understanding of rapid mass movement in the 1% order catchments and
the identification of high-risk zones within the area [37,38]. Therefore, the evaluation of
the critical slip surfaces of the slopes in the approximate 0-order basin is important. The
relationship between the slope direction and landslides is fundamental in understanding
the complex dynamics of slope instability. The slope direction plays a crucial role in
determining the susceptibility of a slope to landslide initiation, with steep slopes facing
downbhill being more prone to slope failure, particularly during periods of intense rainfall
or seismic activity [16].

The gravitational force acting upon a slope, combined with external triggers like heavy
rainfall or seismic shaking, can exceed the strength of the slope materials, leading to insta-
bility and the initiation of landslides. Once a landslide is triggered, it often follows the path
of least resistance, aligning itself with the direction of the slope’s descent. The alignment of
the slope is critical for guiding the movement of mass downslope along natural pathways,
such as channels and gullies, which tend to form along the slope’s orientation [39]. As
landslides progress downslope, the interaction with the slope’s direction continues to shape
their dynamics.
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Steeper slopes facilitate faster movement velocities, accelerating the mass and increas-
ing the potential for erosion and sediment transport [16]. Moreover, the trajectory of a
landslide is influenced by the slope’s orientation as it navigates through the landscape,
seeking lower-lying areas where the gradient lessens. Lower-lying regions along the path
serve as deposition zones, where sediment and debris accumulate as the landslide loses
momentum [39]. The deposition process is influenced by the slope’s direction, with sedi-
ment preferentially settling in areas of reduced movement, such as concave terrain features
and valley bottoms.

Beyond the immediate impact of individual landslides, the long-term interaction be-
tween the slope direction and landslide dynamics contributes to the landscape’s evolution.
Repeated landslide events can lead to significant changes in the morphology of the land-
scape, altering the slope characteristics and reshaping channel networks [40]. The erosion
of soil and vegetation from hillslopes, coupled with sediment deposition in valleys and
floodplains, influences the overall topography of the area. Understanding this interplay
between the slope direction and landslide dynamics is essential for assessing and mitigating
the risks associated with these hazardous phenomena.

Hence, for the evaluation of slope stability within the approximate 0-order basin, due
consideration is given to the morphology of the slope, and algorithms have been developed
(see Figure 5).

Approximate 0-Order
Basin Polygon

Raz‘luc::]bg;fas Rand Om, S
) B calculation

Centers

DEM

Zonal
Statistics

Approximate 0-Order
Basin Polygon with
Random Calculation
Centers

Figure 5. Workflow of random calculation center extraction in approximate 0-order basins.

The algorithm employed utilizes the approximate 0-order basin and generates random
calculation centers within its bounds. Following this, zonal statistics are applied to extract
the slope, aspect, and elevation information from the DEM in the vicinity of these calculation
centers. This algorithm facilitates a deeper understanding of slope characteristics and the
direction of slope failure within the 0-order basin (Figure 6).
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Figure 6. Random calculation center extraction positions inside 0-order basin.

Moreover, to calculate the stability of these slopes, the famous the 3D Monte Carlo
approach is used to map the slopes with the highest probability of failure. The Monte
Carlo approach is a popular method for slope stability risk analysis among civil engi-
neers. This technique is a probabilistic method used to assess slope stability, involving the
generation of several random scenarios for the slope and calculating the factor of safety
for each scenario [41]. It uses 3D limit equilibrium methods for slope stability analysis
(Equation (2)).

Y Lilc’ A+ (Wcos8) Tang'|Cost 4o

FS -
3D X Wsinb a,,c086 apr

@

A is the area of the slip surface; 6 is the slope angle of the slip surface; 6 4,, is the
apparent dip in the main inclination direction of the sliding mass; W is the weight of the
soil column; ¢ is the effective friction angle; c/ is the effective cohesion. The shape of the
slip surface is considered as ellipsoidal as Figure 7.

a b

Figure 7. (a) Diagram of an ellipsoidal slip surface showing the sliding direction, center, and elements.
(b) Representation of the sliding mass along the ellipsoidal slip surface, with the ground surface and
the axes.



Geosciences 2024, 14, 223

10 of 19

An ArcGIS-based tool was developed by Cheng Qiu in 2006 [42] to assess the 3D
spatiotemporal characteristics of landslide hazards. The limitation of the tool in consid-
ering the slope geology and morphology was improved in the algorithms designed. The
improved diagram of the software is as follows, in Figure 8.

DEM

Elevation ASCII Slope ASCII Aspect ASCII

3D Monte
Carlo SSA

FS Result

Figure 8. 3D Monte Carlo slope stability analysis.

The modified software will aid in the accurate calculation of the critical surface inside
approximate 0-order basins considering the geology and morphology or the slope.

4. Results
4.1. DEM-Based Drainage System Modeling

The study was applied to a wide region of approximately 3256 km? located between
Fukuoka, Saga, and Oita Prefectures (Figure 1) to investigate the relationship between DEM
resolution and the extraction of 1% order drainage systems (Table 1).

Table 1. Results of DEM resolution influence in drainage systems.

Drainage System 10 m DEM 5m DEM 1m DEM 50 cm DEM
order drainage system
5 order drainage system
4™ order drainage system

(>0.3 km?)
3" order drainage system
(0.3 km?)

214 order drainage system
(0.017-0.012%@%’) Acceptable

1%t order drainage system
(0.003-0.002 km?)

Runnels
(<0.002 km?) Acceptable

Smaller runnels

6th

Acceptable
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In the table, the “Best result” category in green shows the drainage systems with the
closest pattern to the surface morphology. The “Acceptable” category in yellow indicates
that the drainage system generally follows the surface morphology; however, on some
low-slope-angle surfaces, it generates several unnecessary branches. The “Noise” category
in orange, occurs when the drainage system follows the drainage pattern in such detail
that it becomes hard to distinguish, leading to the generation of several branches on flat
surfaces, which can cause confusion.

The results obtained using the algorithm indicate that the resolution of the DEM
plays a crucial role in the detection of stream orders. As depicted in Table 1, a 10 m DEM
resolution allows for the extraction of a 3'¢ order drainage system, whereas with a 5 m
DEM, a 2"¢ order drainage system can be identified. In the case of a 1 m resolution DEM
with a threshold of 0.003 to 0.002, the detection of a 15t order drainage system differs from
case to case. Conversely, using a 50 cm LP DEM provides highly detailed information on
the surface. Not only can the 1%t order basin be identified, but also, small surface runnels
(gullies and rills) can be extracted. It is important to note that for regional studies, the
inclusion of these small surface runnels is not necessary and can lead to confusion.

The location of the 0-order basin is closely tied to the channel head and the reach of
1%t order drainage. On the other hand, large-scale mapping of the drainage system in the
study area is yet to be undertaken. Therefore, as shown in Figure 9, the validation point is
strategically placed where the aspect indicates a consistent direction, and there is a scarcity
on the land surface caused by the drainage.

® Channel Head point

Drainage

Figure 9. Schematic of drainage system.

This mapping effort aims to reveal the spatial dynamics and hydrological characteris-
tics of the area. The ongoing systematic mapping process promises a clearer understanding
of the drainage network, facilitating informed assessments of the region’s hydrological
dynamics and validation and error margins of the developed algorithm. Based on the
assumption, a total of 392 channel head points were visually drawn from a 1 m DEM and
the aspect direction (Figure 10).

Figure 10 shows the locations of channel head points, illustrating that they are influ-
enced not only by topographic depressions caused by the fill sink algorithm in the DEM
but also by the stream definition threshold. Therefore, several buffer zones with different
distances (5 m, +10 m, 30 m, +£40 m, and +50 m) were drawn around the validation
points. These validation points, extracted from the visual interpretation in Figure 9, were
used to validate the output obtained from the developed algorithm in the study area. This
approach ensures a robust validation process, aligning with the systematic mapping efforts
and contributing to the overall understanding of hydrological dynamics.
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N @ Validation Points
@  Channel Head Points

D Catchment With 0 Order
Basin
N

Figure 10. Visual interpretation of channel head points.

The number of channel head points in each buffer zone was compared with the total
number of channel points in the study area. The results were calculated considering
Equation (3).

HB

.o C
Result in % = TCH x 100 3)

In Equation (3), CHB is the number of channel head points inside the buffer zone, and
TCH is the total number of channel heads.

As shown in Figure 11, it can be observed that the algorithm has an acceptable error
margin of £30 m for regional-scale studies; with the mentioned error margin, the algorithm
would have an 84.48% accuracy; however, for large-scale studies, it would be beneficial to
conduct site investigations.
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Figure 11. Results of the algorithm.

Additionally, the validation results indicate that the effect of the fill sink algorithm
on topographic depressions in the high-resolution DEM is minimal. The locations of
channel head points were accurately identified, and the overall impact on drainage patterns
and hydrological behavior was insignificant; the use of the fill sink algorithm produces
acceptable results for this study.
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4.2. Extraction of Approximate 0-Order Basin

After establishing specific thresholds for each DEM type, the algorithm was imple-
mented within Asakura City, a region perpetually afflicted by geo-disasters. A contiguous
area spanning 365.29 km?, utilizing a 1 m resolution DEM, was chosen for the study. Sub-
sequently, the algorithm was employed, yielding the extraction of 1%t order drainages,
an impressive count of 27,000 catchments, the identification of channel heads, and the
determination of approximate 0-order basins within the designated area (Figure 12).
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Figure 12. Otoishi River catchment drainage system and approximate 0-order basin.

The results reveal that the algorithm effectively eliminated catchments located in
flat areas and catchments with no 1% order drainage system. Moreover, leveraging the
principles of the 0-order basin concept, the algorithm primarily relied on channel heads, 1%
order drainage, and catchments to extract the approximate 0-order basins in the catchment.
In summary, the algorithm’s outcomes satisfactorily address the research objective and
align with the study’s overarching aim by identifying the approximate 0-order basins.

4.3. Critical Slip Surface

To delineate the critical slip surface, the focus was concentrated on the Otoishi River
catchment. This specific area comprises a notable 447 channel heads and approximate
0-order basins. Geological analysis was conducted using the 1:200,000 scale geological map
provided by the Geological Survey of Japan, revealing that the region is characterized by
various geological formations. These formations encompass volcanic rocks such as andesite,
basaltic andesite, and granodiorite, as well as medium-grade metamorphic rocks like schist,
and sedimentary rocks including breccia, altered sandstone, and mudstone (Figure 13).
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Figure 13. (a) 1:200,000 scale geological map of the Otoishi River catchment. (b) Location map of the
study area with an overview of the surrounding cities.

To simulate the critical conditions and execute the 3D MC calculation, an understand-
ing of the geotechnical parameters is needed. The selection of geotechnical parameters for
this study was based on a thorough onsite investigation conducted in the Shiraki Valley
River. The investigation, which was carried out on igneous rocks in the weathered granitic
amphibolite sediments, revealed cohesion values ranging from 12 to 16 kN/m? and in-
ternal friction angles ranging between 25° and 30°. The metamorphic rock parameters
were selected based on geotechnical studies conducted on the weathered metamorphic
rocks by researchers [42—45]. To simulate the critical condition for the slopes, the following
parameters were selected for this study (Table 2):

Table 2. Geotechnical parameters of sediments in the study area for MC calculation.

Sediment Type Cohesion Fraction Angle Rock Density

Igneous rocks (andesite, basaltic

kN o kN

andesite, and granodiorite) 12 m? 25 24 m3
Metamorphic rocks (schist) and 5 kN 20° 00 KN
sedimentary rocks (breccia) m? m3

Utilizing these parameters, the algorithm adeptly conducted simulations to calculate
the factor of safety for the slip surface within the approximate 0-order basin. The resulting
factor of safety values was categorized into five distinct classes, ranging from “very high”,
in red, to “very low”, in green (Figure 14).
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Figure 14. Results of critical slip surface calculation.

Where very high zones are areas with FS values below 1, FS values between 1 and 1.2
are classified as high, FS values between 1.2 and 1.5 are considered moderate, FS values
between 1.5 and 3 are categorized as low, and FS values above 3 are categorized as very low.

The result was validated with the visual interpretation of landslide inventory maps
after the July 2017 incident. The black polygons shown in Figure 14 correspond to the
outcomes of visually interpreting slope failures following the mass movements in the
Toho area. It can be inferred that the newly adapted 3D Monte Carlo (MC) algorithm
performs admirably in accurately identifying the slip surface within the approximate 0-
order basin. The calculation shows that out of 95 recorded landslides after the July 2017
incident, 87 of them were detected using the improved algorithm, representing a 91%
accuracy rate. Additionally, new possibilities with the FS below and equal to 1.2 have been
identified, which should be considered high-risk zones. It is important to mention that
visual interpretation, especially in areas densely covered by vegetation, could have some
margin of error. Moreover, during the visual interpretation process, the source of the mass
movement was not factored into consideration; however, the algorithm overcomes the
limitations and provides information about the potential source of critical slip surface.

5. Discussion

This study provides compelling evidence that DEM resolution is crucial for accurately
extracting drainage systems and identifying 0-order basins, which are essential for effective
landslide hazard assessment and mitigation. Utilizing high-resolution DEMs (1 m and
50 cm) significantly enhances the precision of drainage network modeling, though each
resolution has its own set of advantages and limitations. The resolution of DEMs plays
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a significant role in hydrological modeling and watershed delineation. Coarser DEM
resolutions tend to eliminate topographic features and reduce depression storage, affecting
hydrologic connectivity and surface runoff [28]. High-resolution LiDAR DEMs provide
more precise ground surface representations compared to traditional DEMs derived from
contour maps. This precision is crucial for accurately modeling surface and subsurface
runoff, flow paths, and water movement rates, as demonstrated in various studies [26-28].

Physical-based methods for drainage system extraction, grounded in fundamental
hydrological principles and detailed environmental simulations, offer an alternative to tradi-
tional techniques by directly modeling complex interactions between water and terrain [46].
However, these methods are resource intensive, requiring significant computational power
and high-quality input data, which can limit their practical applicability, particularly for
large-scale or real-time applications [47,48]. In contrast, traditional DEM-based methods,
while sometimes relying on arbitrary thresholds to define river networks, are more efficient
and accessible, making them suitable for large-scale drainage pattern analysis and water-
shed management. Advances in DEM resolution and processing techniques have enhanced
the accuracy and reliability of these methods, ensuring they remain a practical and robust
choice for hydrological studies [47]. Combining the strengths of both approaches can lead
to more comprehensive and effective drainage pattern analysis strategies.

Higher-resolution DEMs, such as the 1 m and 50 cm models, offer detailed and accurate
representations of drainage networks. The 1 m DEM, with an accuracy of 86.48% and an
error margin of 30 m for channel head points, has proven suitable for extracting 1%
order drainage systems. However, the 50 cm DEM, while more detailed, captures smaller
features such as gullies and rills, which may not be necessary for regional studies and could
introduce noise, leading to potential confusion during interpretation. This suggests that
while high-resolution DEMs are beneficial, the choice of resolution must be aligned with
the specific objectives of the study to avoid overcomplication.

The development of an algorithm to approximate 0-order basins represents a sig-
nificant advancement in understanding sediment accumulation and potential landslide
initiation areas. 0-order basins, located above 15 order drainages, are critical zones for wa-
ter, sediment, and associated geological hazards. These basins, often found in the middle to
upper parts of hillslopes, serve as starting points for debris flows and rapid landslides due
to their active geomorphological processes. The algorithm effectively excluded catchments
in flat areas and those without 1% order drainage, focusing on mountainous regions. It
demonstrated high efficacy in approximating 0-order basins by leveraging channel heads,
15t order drainage, and catchments. This approach aligns with the geomorphological prin-
ciples highlighted by Grieve [29] and Sidle [20], who emphasized the importance of 0-order
basins in hydrogeomorphology.

On the other hand, after defining the approximate 0-order basins, evaluating critical
slip surfaces within these basins is essential for understanding rapid mass movements and
identifying high-risk zones. The study employed a 3D Monte Carlo simulation approach,
a probabilistic method widely used in civil engineering for slope stability assessment.
This approach involves generating multiple random scenarios for slope failure using
geotechnical parameters. Slope morphology and geotechnical parameters are pivotal in
determining the stability of slopes within 0-order basins. Understanding geotechnical
parameters is crucial, as they directly influence the factor of safety calculations, which
indicate the likelihood of slope failure.

The 3D Monte Carlo simulation approach used in this study allows for a comprehen-
sive assessment of slope stability by considering various potential failure scenarios. The
algorithm achieved a 91% accuracy rate in detecting past landslides, validated against the
2017 landslide inventory in Toho Village, Japan. This accuracy underscores the algorithm'’s
potential for pre-disaster planning and hazard management, enabling authorities to map
high-risk zones and inform urban planning and infrastructure development to mitigate
potential landslide hazards.
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The integration of the Monte Carlo simulation approach with GIS tools enhances the
practicality and applicability of the algorithm. GIS-based tools allow for the spatial analysis
and visualization of high-risk zones, making it easier for decision makers to interpret and
utilize the data. This integration is crucial for effective disaster hazard management, as it
provides a clear and accessible representation of landslide-prone areas.

6. Conclusions

After assessing the impact of DEM resolution on drainage system detection, significant
distinctions were found. Using a 10 m DEM, 3" order drainage systems were discernible.
With a 5 m DEM, 2"¢ order drainage systems became identifiable. Employing a 50 cm
DEM allowed for the detection of 1% order drainage systems and smaller runnels, such
as gullies and rills, which are the main sources of mass movement in the upper drainage
system. However, since the boundaries of 1%t order basins and gullies/rills are often not
clearly defined, this generates confusion, and 50 cm DEMs are economically unsuitable for
regional studies; thus, this study does not recommend them. Considering the +30 m error
margin and 86.48% accuracy, it can be concluded that a 1 m DEM is a suitable resolution
for extracting 15t order drainage systems.

Moreover, the newly developed algorithm proves highly effective in delivering pre-
cise results for approximately 0-order basins. It includes accurate calculations and the
identification of critical slip surfaces or sources of shallow landslides within these basins,
signifying high-risk zones based on the geology of the sediments and basin morphology.
The verification of the results through virtual interpretations of actual disasters revealed
limitations in the omission of mass movement sources and extension due to vegetation
cover. The algorithm simulates realistic scenarios with a 91% accuracy rate in detecting
past mass movements in 0-order basins, providing information on sliding sources and
severity. The generated map is expected to bolster disaster mitigation and urban planning
in high-risk zones, assisting in hazard identification within 0-order basins.

Opverall, this study underscores the importance of DEM resolution in geomorphological
feature extraction and landslide hazard assessment. Integrating high-resolution DEMs
with advanced algorithms enhances the precision of drainage system modeling and 0-order
basin identification. These advancements significantly contribute to geomorphology and
provide practical tools for hazard management and urban planning, ultimately supporting
the creation of safer and more resilient communities. Future research should continue
exploring the balance between DEM resolution and practical applicability to ensure that
the tools developed remain accurate and manageable for diverse applications.
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