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Abstract. Check dams can influence debris-flow propaga-
tion, but their effects may depend on location, height, and
local topographic conditions. This study evaluates the sensi-
tivity of downstream debris-flow depth to check-dam height
scenarios using numerical simulations of a mountainous
catchment in Atami, Japan. Six hypothetical check-dam lo-
cations were placed along the torrent, and 4,877 valid cases
were generated by varying their heights. The maximum
debris-flow depth at a downstream evaluation section was
10 used as the response variable. A machine-learning surrogate
model was used to summarize the simulation-derived rela-
tionship between dam-height combinations and downstream
flow depth, and location-dependent sensitivity was evaluated
using permutation importance. The highest sensitivity was
1s found at a midstream check-dam location, while an adjacent
downstream location also contributed substantially. Longitu-
dinal topographic analysis suggests that this pattern may be
related to local terrain modification and erosion—deposition
tendencies between adjacent dam locations. These results in-
20 dicate that check-dam height effects cannot be interpreted
solely from downstream distance. The study provides a re-
producible scenario-screening workflow for preliminary in-
terpretation of debris-flow mitigation scenarios, distinct from
event reproduction, design optimization, or design-criteria
25 development.
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1 Introduction

Rainfall-induced sediment-related disasters occur frequently
worldwide. This study focuses on debris flows among var-
ious types of sediment-related disasters. In Japan, 578
sediment-related disasters were reported in 2025, of which
91 were classified as debris flows and related phenomena
(Ministry of Land, Infrastructure, Transport and Tourism,
2026). Debris flows are high-concentration multiphase flows
composed of water, sediment, boulders, woody debris, and
other materials. They can travel rapidly along steep mountain
torrents and cause severe damage to downstream residential
areas and infrastructure.

One representative structural measure against debris flows
is the installation of check dams along mountain torrents.
Check dams can trap sediment and woody debris transported
by debris flows. They can also influence sediment trans-
port, bed erosion, and deposition processes during debris-
flow propagation. Previous studies have reported that check
dams and related open-type control structures contribute to
sediment trapping, flow attenuation, and sediment-transport
control in debris-flow channels (Mizuyama, 2008; Osanai
et al., 2010; Shen et al., 2020b, a). For natural-hazard loss
reduction, it is important to understand how structural coun-
termeasure scenarios may alter downstream flow conditions
before detailed site-specific design is considered. In debris-
flow channels, check dams are often installed as part of struc-
tural countermeasures, but their effects may vary depending
on local terrain and sediment dynamics. A simulation-based
sensitivity analysis can provide a preliminary way to identify
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locations where changes in check-dam height are strongly
associated with downstream response variables.

The effect of a check dam is not determined solely by its
presence or height. It also depends on its location, channel
gradient, local terrain changes, and erosion—deposition char-
acteristics, as check dams, channel geometry, and prior bed
conditions can strongly influence erosion and deposition pat-
terns in debris-flow torrents (de Haas et al., 2020). When
multiple check dams are arranged along a torrent, their ef-
fects on downstream flow depth are not necessarily uniform.
The height of a check dam at one location may strongly af-
fect downstream debris-flow depth, whereas the height of an-
other check dam may have only a limited effect. Therefore,
to understand debris-flow responses in channels containing
multiple check dams, it is necessary to evaluate the sensitiv-
ity of downstream responses to the height of each check dam.
It is also important to interpret such sensitivity in relation to
local topographic conditions.

Numerical simulation using real terrain data is useful for
this type of analysis. Two-dimensional depth-averaged mod-
els for debris flows and mudfiows can account for topo-
graphic conditions, channel geometry, bed erosion, and de-
position processes. These models allow spatial evaluation of
flow depth, velocity, inundation extent, and terrain change.
In recent years, various numerical simulation methods have
been applied to evaluate debris-flow propagation, deposi-
tion processes, and interactions with control structures (Take-
bayashi et al., 2022; Takebayashi, 2020; Abraham et al.,
2022; Cheon et al., 2020; Oh and Jun, 2023; Shi et al., 2022;
Leonardi et al., 2021; Jang et al., 2025).

However, when the heights of multiple check dams are
varied simultaneously, the number of possible input combi-
nations increases rapidly. For example, if several dam heights
are treated as continuous variables, the input space becomes
multidimensional. It is therefore difficult to perform detailed
numerical simulations for all possible conditions and to in-
terpret each simulation result individually.

Machine-learning-based surrogate models are useful for
summarizing many repeated numerical simulations without
replacing the physics-based model itself. Recent studies have
combined numerical simulations and machine learning to im-
prove the efficiency of debris-flow hazard assessment, barrier
planning, and estimation of flow-depth or velocity-related
quantities (Cheon et al., 2020; Gao et al., 2025). When
multiple check-dam heights are treated as input variables,
a surrogate model combined with feature-importance anal-
ysis can quantify how strongly each height variable con-
tributes to the simulated downstream response. Here, permu-
tation importance was used as a model-agnostic measure of
the dependence of model performance on each input vari-
able (Breiman, 2001; Fisher et al., 2019; Lundberg and Lee,
2017).

In this study, we use the catchment affected by the 2021
debris-flow event in Atami City, Shizuoka Prefecture, Japan,
as a case study (Imaizumi et al., 2022). A debris-flow simu-
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lation model was constructed from publicly available three-
dimensional topographic data provided by the Geospatial
Information Authority of Japan and the Center for Spa-
tial Information Science, The University of Tokyo (Geospa-
tial Information Authority of Japan, 2025; Center for Spa-
tial Information Science, The University of Tokyo, 2025).
The debris-flow simulations were conducted using the Mor-
pho2DH solver implemented in iRIC, which has been widely
used in Japan for river and sediment-related numerical anal-
yses (Takebayashi et al., 2022; iRIC Software, 2025).

In the numerical experiments, six hypothetical check-dam
locations were placed along the torrent, and many simulation
cases were generated by varying their heights. For each case,
the maximum debris-flow depth at a downstream evaluation
section was extracted, approximated using machine-learning
models, and analyzed using feature importance. The objec-
tive is not to reproduce the Atami debris-flow event with
high fidelity, determine optimal check-dam heights, or pro-
vide direct design criteria. The specific contribution is in-
stead to demonstrate a reproducible screening workflow in
which multiple check-dam heights are treated as simultane-
ous continuous scenario variables, simulation-derived input—
output relationships are summarized by a surrogate model,
and the resulting sensitivity ranking is interpreted together
with longitudinal topographic change. This framing distin-
guishes the study from event-reproduction analyses, single-
structure performance evaluations, and direct optimization
studies, and focuses on how local terrain-controlled erosion—
deposition tendencies may affect the relative importance of
candidate check-dam locations.

2 Methods
2.1 Overview of the Analysis

Debris-flow simulations using real topographic data were
combined with machine-learning-based surrogate modeling
to evaluate the sensitivity of downstream debris-flow depth
to check-dam height variations. The workflow consisted of
four steps: construction of the numerical model for the
Atami catchment, generation of multiple six-dam height sce-
narios, extraction of the maximum debris-flow depth at a
downstream evaluation section, and surrogate-model-based
feature-importance analysis. The surrogate model was used
only to summarize the simulation-derived input—output rela-
tionship, not for optimization.

2.2 Study Area and Topographic Data

The study area is the mountainous catchment affected by
the debris-flow event that occurred in Atami City, Shizuoka
Prefecture, Japan, in July 2021 (Imaizumi et al., 2022). The
event was initiated by slope failure in the upstream area dur-

ss ing heavy rainfall and caused severe damage to the down-
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Figure 1. Study area and computational setup for the debris-
flow simulations. The initial slope failure area, computational do-
main, six hypothetical check-dam locations (h1—h¢), and down-
stream evaluation section are shown. The background map is from
GSI Maps (Geospatial Information Authority of Japan, 2025); the
failure-area delineation and terrain representation were based on
the drone-based LiDAR dataset hosted by the G-Spatial Informa-
tion Center (Center for Spatial Information Science, The University
of Tokyo, 2025).

stream residential area. In the present study, this catchment
was used as a case study with real topographic conditions.

The study area, computational domain, hypothetical
check-dam locations, and downstream evaluation section are
shown in Figure 1. The numerical simulation model was
constructed using publicly available three-dimensional topo-
graphic data. Digital elevation data provided by the Geospa-
tial Information Authority of Japan and the Center for Spatial
Information Science, The University of Tokyo, were used to
represent the terrain of the target catchment (Geospatial In-
formation Authority of Japan, 2025; Center for Spatial Infor-
mation Science, The University of Tokyo, 2025). The initial
failure area was defined with reference to pre- and post-event
elevation differences so that the model represented the real
terrain of the target mountainous catchment.

2.3 Debris-Flow Simulation Model and Computational
Conditions

Debris-flow simulations were conducted using the Mor-
pho2DH solver implemented in iRIC. iRIC is an integrated
numerical simulation environment used for analyses of river
flow, flooding, sediment transport, and debris-flow-related
processes (Kimura, 2021). Morpho2DH is a two-dimensional
depth-averaged numerical solver for debris flows and mud-
flows. By depth-averaging the flow field, the solver can simu-
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el s late debris-flow propagation, erosion, deposition, and associ-

Morpho2DH was used to calculate debris-flow propaga-
tion from the initial failure area to the downstream evalu-

30 ation section. Because this study focuses on scenario com-

parison rather than solver development or validation, only
the model settings relevant to the sensitivity analysis are de-
scribed here; details of the governing equations and numeri-
cal implementation are available in previous studies and in
the official solver manual (Takebayashi et al., 2022; iRIC
Software, 2025).

The computational domain was defined along the torrent
from the vicinity of the initial failure area to the down-
stream residential area. A curved centerline was traced along
the main flow path, and a computational grid was generated
around this centerline. The longitudinal length of the center-
line was approximately 1279 m. The grid spacing was set to
approximately 4 m in both the longitudinal and transverse di-
rections, resulting in 13,398 grid cells. All boundaries were
treated as free-outflow boundaries.

The total simulation time was set to 100 s, and the time
step was set to 0.004 s. These values were determined by
considering numerical stability and computational efficiency.
As the initial condition, a prescribed sediment thickness was
assigned to the mapped initial failure area. The failure area
was delineated from pre- and post-event elevation differences
in the G-Spatial Information Center dataset (Center for Spa-
tial Information Science, The University of Tokyo, 2025); its
mapped area was approximately 2715 m2. The initial sedi-
ment thickness was prescribed as a model input and set to
0.1 m for numerical stability and controlled scenario compar-
ison, corresponding to an initial sediment volume of approx-
imately 272 m3. Preliminary trial simulations indicated that
both the prescribed source volume and the maximum ero-
sion depth could affect downstream flow-depth responses. In
the present study, the prescribed source volume was fixed,
whereas the maximum erosion depth was examined only for
three supplementary cases, as described later. A systematic
parametric evaluation of these two settings is left for future
work.

The main simulation parameters are summarized in Ta-
ble 1. Other parameters were set to values commonly used
in Morpho2DH.

Geological heterogeneity, woody debris, large boulders,
structural failure, and blockage by bridges or other structures
were not explicitly considered in the simulations. Therefore,
the results should be interpreted as relative comparisons of
downstream responses under the same numerical model con-
ditions, rather than as an attempt to reproduce actual debris-

205 flow damage at a specific location.
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Table 1. Simulation parameters used in debris-flow simulation

Parameter Value Unit
Simulation time 100 S
Time step 0.004 S
Density of water 1,000 kg/m®
Density of sediment 2,650 kg/m?
Static sediment concentration 0.6 -
Fraction of sediment behaving as fluid 0.2 -
Minimum flow depth 0.01 m
Internal friction angle 34 deg
Laminar-layer thickness constant
Ratio of laminar-layer thickness 0.4 -
Resistance coefficient 72 -
Bed material type uniform sand -
Mean grain size 0.01 m
Maximum erosion depth 2 m
Thickness of initial failure area 0.1 m

2.4 Hypothetical Check-Dam Height Scenarios

Six check-dam locations were defined along the target tor-
rent. These locations are denoted as h; to hg from upstream
to downstream, as shown in Figure 1. The six locations were
defined as hypothetical check-dam positions along the tor-
rent, with reference to the existing check-dam location in the
study area.

The height of each check dam was varied from O to 12
m. In the numerical model, each check dam was represented
as an impermeable rectangular topographic obstacle placed
across the channel, with an approximate transverse width of
31 m and a streamwise thickness of 4.6 m. This simplified
geometry was adopted for controlled numerical trials and is
not intended to represent design-level structural details.

The dam height was defined as the additional elevation rel-
ative to the original local terrain. Therefore, a height of 0 m
corresponds to the original terrain elevation at the dam lo-
cation. However, even in the 0 m case, the dam cells were
treated as non-erodible impermeable cells in the numerical
model. Thus, the 0 m case should be interpreted as the zero-
height member of this controlled obstacle-height experiment,
not as a fully erodible no-dam baseline.

Because erosion and deposition were included in the
debris-flow simulation, the effective overflow condition
changed during the calculation. When deposited sediment
accumulated upstream of a dam, the local bed elevation in-
creased. Accordingly, overflow could occur when the simu-
lated flow depth exceeded the remaining height difference
between the dam crest and the locally aggraded bed sur-
face. Thus, the dams did not represent fully blocking bound-
aries throughout the simulation, but rather impermeable to-
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pographic obstacles over which flow could pass when the lo-
cal flow and deposition conditions allowed overflow.

The existing check dam corresponding to ho was also
treated as a variable-height dam in the same manner as the
other hypothetical dams. Thus, all six dam-height variables,
including ho, were varied within the range of 0—12 m for the
sensitivity analysis. Each check-dam height was treated as a
continuous input variable.

Latin hypercube sampling was used to efficiently gener-
ate combinations of the six check-dam heights. A total of
5,000 input cases were generated, and debris-flow simula-
tions were performed for each case. Some simulations did
not provide valid outputs because of numerical instability
or output-processing problems. After excluding these cases,
4,877 valid simulation results were obtained. These scenar-
ios were not intended to represent finalized engineering de-
signs, but to provide controlled variations for evaluating how
check-dam height changes influence the simulated down-
stream response.

For each valid simulation case, the maximum debris-flow
depth at the downstream evaluation section was extracted.
This maximum depth was used as the response variable in
the subsequent surrogate modeling and sensitivity analysis.
Thus, the surrogate model does not directly predict the spatial
distribution of flow depth over the entire catchment.

2.5 Machine-Learning Approximation of Simulation
Responses

The 4,877 valid simulation results were used to approxi-
mate the relationship between the check-dam height vector
(h1,ha,...,he) and the maximum downstream debris-flow
depth, Dy .x. Here, Dy« was defined as the maximum value
of the debris-flow depth at the downstream evaluation section
shown in Figure 1. The six dam heights were used as input
variables, and D« Was used as the output variable.

Several regression models were examined to approximate
the simulation-derived input—output relationship. The candi-
date models were support vector regression (SVR), Gaussian
process regression (GPR), multilayer perceptron regression
(MLP), XGBoost, and LightGBM. All models were imple-
mented in Python using scikit-learn and related libraries (Pe-
dregosa et al., 2011; Chen and Guestrin, 2016; Ke et al.,
2017). For each model, input standardization was performed
using StandardScaler, and the scaler and regressor were
combined into a single Pipeline to avoid data leakage dur-
ing cross-validation.

Model performance was evaluated using four-fold cross-
validation with shuffled splits and a fixed random seed of
42. The predictive performance was quantified using the root
mean squared error (RMSE) and coefficient of determination
(R?%). SVR and GPR were used with the default settings of
the corresponding Python implementations. The MLP model
was trained with a maximum of 1000 iterations and a ran-
dom seed of 0. XGBoost and LightGBM were trained with



Katagiri, Saomoto, Shinohara, and Kimura: Sensitivity of downstream debris-flow depth to check-dam height 5

100 estimators and a random seed of 0. Because the objective
of this study was not algorithm benchmarking, extensive hy-
perparameter optimization was not performed. Instead, the
same cross-validation procedure was applied to all models
to compare their ability to summarize the simulation-derived
response relationship.

Based on the cross-validation results, the model with the
best predictive performance was selected for the subsequent
sensitivity analysis. The selected model was used as a surro-
gate model that approximated D, from the six check-dam
heights. The model performance should therefore be inter-
preted as approximation accuracy for numerical simulation
outputs, rather than as predictive accuracy for actual debris-
flow behavior.

2.6 Sensitivity Analysis Using Feature Importance

In this study, the term “sensitivity” refers to model-based
sensitivity evaluated from feature importance, not to local
derivative-based physical sensitivity. Thus, the importance
values quantify how strongly each input variable contributes
to the surrogate-model prediction of D, ., under the given
dataset and model conditions.

Feature-importance analysis was performed using permu-
tation importance (Fisher et al., 2019). Permutation impor-
tance evaluates the contribution of an input variable by ran-
domly permuting its values among samples and measuring
the resulting decrease in model performance. In this study,
the decrease in R? was used as the importance measure.

Permutation importance was evaluated using the same
MLP setting as that used in the model-comparison step.
The model consisted of a StandardScaler and an
MLPRegressor with a maximum of 1000 iterations and a
random seed of 0. The dataset was divided into training and
test subsets using an 80/20 split with a random seed of 42.
The model was trained on the training subset, and permuta-
tion importance was evaluated on the test subset.

For each input variable, the permutation procedure was re-
peated 30 times. The importance value was calculated as the
mean decrease in R? caused by permuting the corresponding
input variable. The error bars in Figure 4 indicate the stan-
dard deviation over the repeated permutations.

A high importance value indicates that the height of
the corresponding check-dam location is strongly associ-
ated with the surrogate-model prediction of D,y under the
dataset and model conditions considered here. Conversely, a
low importance value indicates a relatively small contribu-
tion to the prediction of Dy, under the same conditions.
The resulting importance values are interpreted as model-
based sensitivity indicators, rather than as direct physical
sensitivities or causal effects.

10 Depth[m]

4.00  6.00

Figure 2. Representative result of the debris-flow simulation. The
figure shows the spatial distribution of debris-flow depth at the final
simulation time. The background map is from GSI Maps (Geospa-
tial Information Authority of Japan, 2025).

s 2.7 Evaluation of Topographic Implications

20

Longitudinal elevation profiles and post-simulation terrain
changes were examined to interpret the feature-importance
results in relation to local topographic conditions. Particu-
lar attention was paid to the midstream reach between adja-

255 cent check-dam locations. This evaluation was not intended

to prove a strict causal mechanism, but to assess whether dis-
tance alone was sufficient to interpret the location-dependent
sensitivity or whether terrain-controlled erosion—deposition
tendencies also needed to be considered.

30

s 3 Results and Discussion

3.1 Representative Debris-Flow Simulation Result

35

Figure 2 shows a representative result of the debris-flow sim-
ulation used in this study. The figure presents an example of
the spatial distribution of debris-flow depth at the final sim-
es ulation time. Sediment released from the initial failure area

s propagated downstream along the torrent and formed zones

of relatively large flow depth within and around the channel.

3.2 Performance of Surrogate Models

4 Table 2 summarizes the cross-validation results for the five

70 regression models examined in this study. The model per-
formance was evaluated using the root mean squared error
(RMSE) and the coefficient of determination (R2). The com-
pared models were support vector regression (SVR), Gaus-
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Table 2. Cross-validation results of the surrogate models.

Model RMSE  R?
SVR 1.026  0.709
GPR 1.996  -0.103
MLP 0.990  0.729
XGBoost 1.126  0.649
LightGBM  1.061  0.688

sian process regression (GPR), multilayer perceptron regres-
sion (MLP), XGBoost, and LightGBM.

The MLP model showed the lowest RMSE and the highest
R? among the tested models, with values of 0.990 and 0.729,
respectively. SVR showed similar but slightly lower perfor-
mance, whereas GPR performed poorly and XGBoost and
LightGBM showed lower R? values than the MLP. Based on
these results, the MLP was used for the subsequent sensi-
tivity analysis. Because the obtained R? was approximately
0.7, the model should be regarded as an auxiliary surrogate
for summarizing simulation outputs rather than as a high-
accuracy predictor of actual debris-flow behavior.

3.3 Response under Uniform-Height Scenarios

To examine how well the surrogate model captured the
response tendency to changes in check-dam height, addi-
tional cases were prepared in which all six check dams had
the same height. Specifically, the height of each dam was
increased uniformly from O m to 11.5 m at intervals of
0.25 m. For these cases, direct numerical simulation results
were compared with predictions obtained from the machine-
learning models. The results are shown in Figure 3.

The simulation results showed a non-monotonic response
when the total check-dam height was small; within an ap-
proximate total-height range of 0—10 m, the maximum down-
stream flow depth locally increased with increasing height.
For larger total heights, the downstream flow depth de-
creased markedly, indicating that the height effect is nonlin-
ear and depends on the propagation and deposition processes.
Among the tested models, the MLP reproduced this over-
all trend relatively smoothly, whereas SVR and GPR showed
larger deviations and XGBoost and LightGBM showed local
fluctuations. The uniform-height scenarios were limited val-
idation cases outside the Latin hypercube training design, so
the result should be interpreted as a check of broad response
tendency rather than a comprehensive validation.

3.4 Sensitivity of Downstream Debris-Flow Depth to
Check-Dam Heights

The MLP surrogate model was used to evaluate the influence
of the six check-dam heights on the maximum downstream
debris-flow depth. Permutation importance was used as the
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model-based sensitivity index (Fisher et al., 2019). The re-
sults are shown in Figure 4. The check-dam locations in the
figure are arranged from upstream (h1) to downstream (hg).

The permutation-importance values were strongly location
dependent. The highest importance value was obtained for
the midstream location k3, and the adjacent downstream lo-
cation h4 also showed a relatively large value. The upstream
locations h1 and ho showed smaller values, whereas hs and
he showed intermediate contributions. This pattern cannot
be explained by downstream distance alone, because the im-
portance did not increase monotonically toward the down-
stream side. It suggests that local topographic conditions and
erosion—deposition processes may influence the downstream
response to check-dam height variations.

The importance values obtained here should not be in-
terpreted as direct physical sensitivities or causal effects.
Permutation importance indicates how strongly the selected
machine-learning model relies on each input variable for pre-
dicting D, ax. Therefore, a check-dam location with high im-
portance should be interpreted as a location whose height is
strongly associated with the maximum downstream debris-
flow depth within the simulation-derived input—output rela-
tionship.

3.5 Topographic Implications of the High-Sensitivity
Midstream Reach

To examine why the midstream locations showed high
importance, the longitudinal elevation profile and post-
simulation terrain changes were analyzed. The results are
shown in Figure 5. Figure 5a shows the longitudinal profiles
of the initial terrain and the terrain after simulation. Figure 5b
provides an enlarged view of the terrain changes around the
reach between hs and hs.

The longitudinal profile shows a relatively steep upstream
reach followed by a change in channel gradient. A local to-
pographic high existed in the initial terrain around the reach
from hy to hs, and this high was lowered after the simu-
lation, suggesting erosion or terrain lowering under the as-
sumed conditions. This interpretation is consistent with stud-
ies showing that check dams, channel geometry, bed con-
ditions, and flow conditions can control erosion, deposi-
tion, and bulking in debris-flow torrents (de Haas et al.,
2020, 2022). Because hj is located immediately downstream
of this terrain-changing reach, variations in the height of h3
may have influenced downstream propagation and the maxi-
mum flow depth at the evaluation section. The relatively large
importance of hy may also reflect downstream propagation
of the modified flow conditions, although this interpretation
remains qualitative.

Figure 5b also shows terrain changes under different max-
imum erosion-depth conditions. When the maximum erosion
depth was set to 0 m, erosion did not occur, and the post-
simulation terrain coincided with the initial terrain. When
the maximum erosion depth was set to 1 m, the local to-
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pographic high partially remained, and sediment deposition
was observed around it. Under the reference condition with
a maximum erosion depth of 2 m, the local topographic high
was more strongly lowered. These results indicate that ter-
rain changes in the reach between ho and hs were sensitive
to the erosion condition.

The high sensitivity around the midstream locations, es-
pecially hs, may therefore be related not simply to distance
from the downstream evaluation section, but also to local ter-

10 rain changes and erosion—deposition tendencies in the reach
between ho and hs. However, this study did not explicitly
consider ground strength, detailed soil properties, woody de-
bris, or large boulders. Therefore, the detailed physical mech-
anism that produced the high importance of the midstream
locations cannot be fully identified from the present analysis.
This result should therefore be interpreted as a possible topo-
graphic implication under the target catchment and numeri-
cal model conditions, rather than as a quantitatively identified
causal mechanism.

@

20 3.6 Implications and Limitations for Structural
Countermeasure Scenarios

The results show that the response of the maximum down-
stream debris-flow depth to multiple hypothetical check-
dam heights was strongly location dependent. The mid-
25 stream locations, especially hs and hy, showed relatively
high sensitivity, whereas the upstream locations h; and hq
showed smaller contributions. Thus, preliminary counter-
measure evaluations should not rely only on downstream
distance; local topography and erosion—deposition processes

s0 should also be considered when interpreting check-dam

height effects.
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Figure 5. Longitudinal topographic profiles and comparison of terrain changes under different erosion-depth conditions. Panel (a) shows
the initial and post-simulation longitudinal terrain profiles. Panel (b) shows an enlarged view around the reach between ho and hs. The
profiles were derived from the topographic datasets described in the text (Geospatial Information Authority of Japan, 2025; Center for

Spatial Information Science, The University of Tokyo, 2025).

Several limitations should be noted. First, the surrogate
model is an auxiliary approximation of numerical simula-
tion outputs, and its R? value of approximately 0.7 is not
sufficient for high-accuracy quantitative prediction. Second,
this study used only the maximum debris-flow depth at the
downstream evaluation section as the output variable, al-
though debris-flow responses can also be characterized by
velocity, deposition thickness, arrival time, inundation ex-
tent, and impact force. Third, the prescribed source volume
and maximum erosion depth can affect downstream flow-
depth responses; here, the source volume was fixed and the
maximum erosion depth was examined only in three supple-
mentary cases. Future work should systematically vary these
settings to evaluate how they affect the sensitivity ranking
of check-dam locations, because debris-flow erosion, bulk-
ing, and bed interaction can depend on flow conditions, bed
conditions, and material composition (de Haas et al., 2022;
Roelofs et al., 2022).

The proposed workflow does not replace detailed hy-
draulic, geotechnical, structural, or socio-economic assess-
ments required for practical countermeasure planning. For
design-level applications, more detailed analyses of debris-
flow interaction with countermeasure structures, including
impact-force evaluation and structural response, may be re-
quired (Leonardi et al., 2016, 2021; Jang et al., 2025). The
simplified rectangular dam geometry and the non-erodible
treatment of the dam cells should also be considered when
interpreting the results. In particular, the 0 m cases are not
equivalent to fully erodible no-dam cases. The scenarios
should therefore be regarded as controlled computational tri-
als for comparing dam-height effects, rather than as site-

specific representations of actual or proposed check-dam
structures.

5 4 Conclusions

ss This study used the catchment affected by the 2021 debris-

flow event in Atami, Japan, as a real-terrain case study to

evaluate the sensitivity of maximum downstream debris-flow

10 depth to the heights of multiple hypothetical check dams. Us-

ing 4,877 valid simulation results, the relationship between

40 six check-dam heights and the maximum downstream flow

depth was approximated by machine-learning models, and

feature-importance analysis was used to evaluate location-

15 dependent sensitivity. The main contribution is not a new nu-

merical solver or machine-learning algorithm, but a screen-

s ing framework that combines real-terrain debris-flow simu-

lation, surrogate modeling, and topographic interpretation to
compare multiple structural countermeasure scenarios.

20  The main findings of this study are summarized as follows:

— Among the tested regression models, the MLP model

50 showed the best cross-validation performance. How-
ever, its coefficient of determination was approximately
2 0.7, indicating that the model should be regarded as a

surrogate model for summarizing broad input—output
trends rather than as a high-accuracy predictor.

Under uniform-height scenarios, the maximum down-
stream debris-flow depth did not decrease monotoni-
cally with increasing check-dam height. This suggests
that low-height check-dam scenarios may produce non-

55 -
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monotonic downstream responses by modifying flow
propagation and deposition patterns.

— The permutation-importance analysis showed that the
influence of check-dam height was strongly location de-
pendent. The highest importance was obtained for the
midstream location k3, and the adjacent downstream lo-
cation h4 also showed a relatively large contribution.
This indicates that the dam-height effect cannot be ex-
plained solely by distance from the downstream evalua-
tion section.

— Comparison of longitudinal terrain profiles showed that
a local topographic high between hy and hs was low-
ered after the simulation. This suggests that erosion may
have occurred in this reach.

— Simulations with different maximum erosion-depth
conditions showed that terrain changes around the reach
between hy and h3 depended on the erosion condition.
The high sensitivity around the midstream locations,
especially hs, may therefore be related to local ter-
rain changes and erosion—deposition tendencies in this
reach.

These results indicate that debris-flow simulation, surro-
gate modeling, and feature-importance analysis can help or-
ganize the location-dependent sensitivity of downstream flow
depth to multiple hypothetical check-dam heights. They do
not provide practical design criteria or damage predictions,
but they offer model-based insight for identifying check-dam
locations that warrant closer examination in subsequent en-
gineering and hazard-loss-reduction studies.

Future work should extend the analysis to response vari-
ables other than maximum flow depth, including velocity,
deposition thickness, arrival time, inundation extent, and im-
pact force. The prescribed source volume and maximum
erosion-depth settings should also be examined through sys-
tematic parameter sweeps, because these settings may af-
fect erosion—deposition processes and the resulting sensitiv-
ity ranking. Applications to additional catchments are needed
to evaluate the generality of the location-dependent sensitiv-
ity and topographic implications observed in this study.

Code and data availability. The topographic dataset used in this
study is available from the Center for Spatial Information Sci-
ence, The University of Tokyo, as cited in the References. The
iRIC software and Morpho2DH solver are available from the iRIC
project website. The simulation-derived input—output dataset, Latin
hypercube sampling table, uniform-height scenario dataset, and
Python scripts used for surrogate-model comparison, permutation-
importance analysis, and figure generation will be deposited in
Zenodo as a companion research package, and the preprint record
will be updated with the repository DOI after deposition. The
internal scripts used to automate individual iRIC/Morpho2DH
simulation runs will not be redistributed because they include

environment-specific file paths, local case-management procedures,

and workflow-specific implementation details that are not required

to reproduce the surrogate modelling and sensitivity analyses pre-
ss sented here.

®  The topographic dataset used in this study is available

from the Center for Spatial Information Science, The Univer-
sity of Tokyo, as cited in the References. The iRIC software
and Morpho2DH solver are available from the iRIC project

s website.
10

Author contributions. JK designed the study, performed the simu-

lations and surrogate analyses, prepared the figures, and wrote the

initial manuscript draft. HS and TS contributed to the interpretation

of the results and revised the manuscript. All authors reviewed and
5 approved the final version of the manuscript.

Competing interests. The authors declare that they have no conflict
of interest.

20

References

Abraham, M. T., Satyam, N., Pradhan, B., and Tian, H.: Debris
70 Flow Simulation 2D (DFS 2D): Numerical Modelling of De-
bris Flows and Calibration of Friction Parameters, Journal of
Rock Mechanics and Geotechnical Engineering, 14, 1747-1760,
https://doi.org/10.1016/j.jrmge.2022.01.004, 2022.
Breiman, L.: Random Forests, Machine Learning, 45, 5-32,
75 https://doi.org/10.1023/A:1010933404324, 2001.

Center for Spatial Information Science, The University of Tokyo:

30 Drone-based LiDAR survey data of the Atami debris-flow dis-

aster on July 3, 2021, https://www.geospatial.jp/ckan/dataset/
20210703-atami-dronelazer, (In Japanese). Accessed: 30 April
s 2026, 2025.

Chen, T. and Guestrin, C.: XGBoost: A Scalable Tree Boosting Sys-
tem, in: Proceedings of the 22nd ACM SIGKDD International
Conference on Knowledge Discovery and Data Mining, pp. 785—
794, https://doi.org/10.1145/2939672.2939785, 2016.

ss Cheon, E., Lee, S.-R., and Lee, D.-H.: Hazard Assessment Based
on the Combination of DAN3D and Machine Learning Method
for Planning Closed-Type Barriers against Debris-Flow, Water,

12, 170, https://doi.org/10.3390/w12010170, 2020.

de Haas, T., Nijland, W., de Jong, S. M., and McArdell, B. W.:
How memory effects, check dams, and channel geometry con-
trol erosion and deposition by debris flows, Scientific Reports,
10, 14 024, https://doi.org/10.1038/541598-020-71016-8, 2020.

de Haas, T., McArdell, B. W., Nijland, W, Aberg, A. S,
Hirschberg, J., and Huguenin, P: Flow and Bed Con-
ditions Jointly Control Debris-Flow FErosion and Bulk-
ing, Geophysical Research Letters, 49, €2021GL097611,
https://doi.org/10.1029/2021GL097611, 2022.

Fisher, A., Rudin, C., and Dominici, F.: All Models are Wrong, but
Many are Useful: Learning a Variable’s Importance by Studying
an Entire Class of Prediction Models Simultaneously, Journal of
Machine Learning Research, 20, 1-81, 2019.

25

4®0

435

5mM0


https://doi.org/10.1016/j.jrmge.2022.01.004
https://doi.org/10.1023/A:1010933404324
https://www.geospatial.jp/ckan/dataset/20210703-atami-dronelazer
https://www.geospatial.jp/ckan/dataset/20210703-atami-dronelazer
https://www.geospatial.jp/ckan/dataset/20210703-atami-dronelazer
https://doi.org/10.1145/2939672.2939785
https://doi.org/10.3390/w12010170
https://doi.org/10.1038/s41598-020-71016-8
https://doi.org/10.1029/2021GL097611

10

Gao, R., Wang, A., Liu, H,, and Liu, X.: Combined Applica-
tion of Numerical Simulation and Machine Learning in De-
bris Flow Hazard Mapping, Scientific Reports, 15, 30766,
https://doi.org/10.1038/s41598-025-15744-9, 2025.

Geospatial Information Authority of Japan: GSI Maps, https://
maps.gsi.go.jp/, accessed: 30 April 2026, 2025.

Imaizumi, F., Osanai, N., Kato, M., Koike, Y., Kosugi, K., Sakai,
Y., Sakaguchi, H., Satofuka, Y., Takayama, S., Tanaka, T., and
Nishi, Y.: Debris-flow disaster in Atami City, Shizuoka Prefec-
ture, Japan, in July 2021, Journal of the Japan Society of Erosion
Control Engineering, 74, 34-42, (In Japanese), 2022.

iRIC Software: Morpho2DH ver.2 solver manual for debris and mud
flow simulation, Japanese version for iRIC v4, https://i-ric.org/,
(In Japanese). Accessed: 30 April 2026, 2025.

Jang, W., Lim, H.-H., Cheon, E., Kwon, T.-H., Yune, C.-
Y., Kim, B.-J.,, and Choi, S.-K.: Multiscale numerical ap-
proach to assess impact forces on cylindrical barriers by
debris flows, Computers and Geotechnics, 188, 107605,
https://doi.org/10.1016/j.compgeo.2025.107605, 2025.

Ke, G., Meng, Q., Finley, T., Wang, T., Chen, W., Ma, W,, Ye, Q.,
and Liu, T.-Y.: LightGBM: A Highly Efficient Gradient Boosting
Decision Tree, in: Advances in Neural Information Processing
Systems, vol. 30, 2017.

Kimura, I.: River Simulation with iRIC, Morikita Publishing,
Tokyo, Japan, (In Japanese), 2021.

Leonardi, A., Wittel, F. K., Mendoza, M., Vetter, R., and Herrmann,
H. J.: Particle—fluid—structure interaction for debris flow impact
on flexible barriers, Computer-Aided Civil and Infrastructure
Engineering, 31, 323-333, https://doi.org/10.1111/mice.12165,
2016.

Leonardi, A., Pirulli, M., Barbero, M., Barpi, F., Borri-Brunetto,
M., Pallara, O., Scavia, C., and Segor, V.: Impact of debris
flows on filter barriers: Analysis based on site monitoring
data, Environmental & Engineering Geoscience, 27, 195-212,
https://doi.org/10.2113/EEG-D-20-00013, 2021.

Lundberg, S. M. and Lee, S.-1.: A Unified Approach to Interpreting
Model Predictions, in: Advances in Neural Information Process-
ing Systems, vol. 30, 2017.

Ministry of Land, Infrastructure, Transport and Tourism: An-
nouncement of the Number of Sediment Disasters in 2025,
https://www.mlit.go.jp/report/press/sabo02_hh_000164.html,
(In Japanese). Accessed: 30 April 2026, 2026.

Mizuyama, T.: Structural Countermeasures for Debris Flow Disas-
ters, International Journal of Erosion Control Engineering, 1, 38—
43, https://doi.org/10.13101/ijece.1.38, 2008.

Oh, C. and Jun, K.: Analysis of Debris Flow Damage Us-
ing High-Resolution Topographical Data, Water, 15, 3454,
https://doi.org/10.3390/w15193454, 2023.

Osanai, N., Mizuno, H., and Mizuyama, T.: Design Standard of
Control Structures Against Debris Flow in Japan, Journal of Dis-
aster Research, 5, 307-314, 2010.

Pedregosa, F., Varoquaux, G., Gramfort, A., Michel, V., Thirion,
B., Grisel, O., Blondel, M., Prettenhofer, P., Weiss, R., Dubourg,
V., Vanderplas, J., Passos, A., Cournapeau, D., Brucher, M., Per-
rot, M., and Duchesnay, E.: Scikit-learn: Machine Learning in
Python, Journal of Machine Learning Research, 12, 2825-2830,
2011.

Roelofs, L., Colucci, P., and de Haas, T.: How debris-flow compo-
sition affects bed erosion quantity and mechanisms: An experi-

Katagiri, Saomoto, Shinohara, and Kimura: Sensitivity of downstream debris-flow depth to check-dam height

so  mental assessment, Earth Surface Processes and Landforms, 47,
2151-2169, https://doi.org/10.1002/esp.5369, 2022.

Shen, W., Li, T., Li, P, and Lei, Y.: Numerical Assessment

for the Efficiencies of Check Dams in Debris Flow Gul-
5 lies: A Case Study, Computers and Geotechnics, 122, 103 541,
65 https://doi.org/10.1016/j.compgeo.2020.103541, 2020a.

Shen, W., Wang, D., He, S., and Li, T.: Numerical Assess-
ment of the Impeding Effect of Check Dams in the Hongchun
Debris Flow Gully, Sichuan Province, China, Bulletin of

10 Engineering Geology and the Environment, 79, 2833-2845,
70 https://doi.org/10.1007/s10064-020-01755-5, 2020b.

Shi, H., Huang, Y., and Feng, D.: Numerical Investigation on
the Role of Check Dams with Bottom Outlets in Debris
Flow Mobility by 2D SPH, Scientific Reports, 12, 20456,

15 https://doi.org/10.1038/s41598-022-24962-4, 2022.
75 Takebayashi, H.: Numerical Simulation of a Debris Flow on the Ba-
sis of a Two-Dimensional Continuum Body Model, Geosciences,
10, 45, https://doi.org/10.3390/geosciences 10020045, 2020.
Takebayashi, H.: Numerical simulation of debris and mud flows us-
20 ing iRIC-Morpho2DH, Sabo, 134, 1-10, https://www.stc.or.jp/
so  journal_sabo/pdf/art_134/134_02_kiko.pdf, (In Japanese). Ac-
cessed: 30 April 2026, 2023.

Takebayashi, H., Fujita, M., and Ohgushi, K.: Numerical Modeling

of Debris Flows Using Basic Equations in a Generalized Curvi-

25 linear Coordinate System and Its Application to Debris Flows in

g5 Kinryu River Basin in Saga City, Japan, Journal of Hydrology,

615, 128636, https://doi.org/10.1016/j.jhydrol.2022.128636,
2022.

30

35

40

45

50

55


https://doi.org/10.1038/s41598-025-15744-9
https://maps.gsi.go.jp/
https://maps.gsi.go.jp/
https://maps.gsi.go.jp/
https://i-ric.org/
https://doi.org/10.1016/j.compgeo.2025.107605
https://doi.org/10.1111/mice.12165
https://doi.org/10.2113/EEG-D-20-00013
https://www.mlit.go.jp/report/press/sabo02_hh_000164.html
https://doi.org/10.13101/ijece.1.38
https://doi.org/10.3390/w15193454
https://doi.org/10.1002/esp.5369
https://doi.org/10.1016/j.compgeo.2020.103541
https://doi.org/10.1007/s10064-020-01755-5
https://doi.org/10.1038/s41598-022-24962-4
https://doi.org/10.3390/geosciences10020045
https://www.stc.or.jp/journal_sabo/pdf/art_134/134_02_kiko.pdf
https://www.stc.or.jp/journal_sabo/pdf/art_134/134_02_kiko.pdf
https://www.stc.or.jp/journal_sabo/pdf/art_134/134_02_kiko.pdf
https://doi.org/10.1016/j.jhydrol.2022.128636

