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Earth and Environmental Sciences, The Chinese University of Hong Kong, Hong Kong SAR, China, 3Department of
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Abstract Channel erosion not only amplifies debris‐flow magnitude and impact but also reshapes local
geomorphology. However, the destructive and infrequent nature of debris flows makes in situ monitoring of
channel‐bed erosion processes and flow characteristics challenging. Here, we investigate seismic signals for
monitoring erosion‐driven geomorphic changes, using data from 18 well‐documented debris flows at Illgraben,
Switzerland, between 2019 and 2023. We find that integrated seismically derived impact forces over each event
correlate with channel‐bed elevation changes, revealing erosion thresholds. Seismic peak frequencies correlate
with absolute channel‐bed elevations at seismic source regions, reflecting changes in wave propagation paths
due to erosion. The correlation is evident, with peak frequency shifts exceeding 15 Hz while channel‐bed
elevation changes were under 4 m during the 5‐year period. These findings demonstrate the capacity of seismic
signals to characterize debris‐flow erosion and track absolute channel‐bed elevations, offering new insights into
geomorphic processes.

Plain Language Summary Debris flows are fast‐moving mixtures of water, mud, and rocks that can
pick up sediment while traveling downstream. This makes the flows grow larger and reshape the river channel.
However, because debris flows often happen suddenly and unexpectedly, it is hard to directly observe how they
carry sediment—leaving us with little understanding of the physics behind this process. Here, we use ground
vibration data from 18 debris flows in Illgraben, Switzerland, to study how debris flows pick up sediment. We
find that the forces estimated from these vibrations not only reveal how much sediment the flow can carry but
also help pinpoint where and when the erosion begins. Additionally, we discover that the vibration frequencies
are linked to the channel‐bed elevation and are highly sensitive to elevation changes. These findings confirm
that ground vibrations from debris flows can help us understand the physical mechanisms behind sediment
movement.

1. Introduction
Debris flows pose significant hazards to infrastructure and communities in mountain regions (Iverson, 1997).
They erode channel beds and banks during runout, reshaping landforms and increasing risk (Dowling &
Santi, 2014; Frank et al., 2015). Understanding debris‐flow erosion is essential for studying landform evolution
and assessing hazards (Iverson, 1997; Schürch et al., 2011). However, our understanding is incomplete because
the sudden and often unexpected debris‐flow occurrence inhibits application of on‐site measurements, such as
pre‐flow digital elevation models (DEMs) and flow characteristics (De Haas et al., 2020; Penserini et al., 2017).
While laboratory experiments can provide insights into debris‐flow erosion, their applicability is limited to
idealized conditions (De Haas & van Woerkom, 2016; Roelofs et al., 2022; Roelofs et al., 2023; Zheng
et al., 2024).

Recent advances in environmental seismology demonstrate that seismic signals from debris flows provide a novel
approach for estimating flow characteristics (Arran et al., 2021; Farin et al., 2019; Tsai et al., 2012). These seismic
signals, generated by particle impacts on the channel bed, can quantify key erosion drivers such as flow velocity,
discharge, and basal impact forces (Farin et al., 2019; Lai et al., 2018; Zhang, Walter, McArdell, Wenner,
et al., 2021). Since debris‐flow erosion depends on flow and channel‐bed conditions (De Haas et al., 2022; Könz
et al., 2024; Roelofs et al., 2022, 2023; Zheng et al., 2023), seismic signal analysis is a promising technique for
characterizing erosion.
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Seismic wave propagation effects, or “path effects”, complicate the interpretation of seismic signatures (Aki &
Richards, 2002). Erosion‐related changes to the channel bed alter wave propagation paths and, thought exposure
of materials with contrasting seismic properties, affect seismic quality, thereby influencing both seismic am-
plitudes (Kean et al., 2015) and frequency content (Zhang, Walter, McArdell, de Haas, et al., 2021). While
changes in seismic amplitude can indicate debris‐flow erosion, it is also subject to debris‐flow characteristics and
path effects (e.g., Farin et al., 2019; Tsai et al., 2012), restricting the use of amplitude information to comparisons
among similar events (Kean et al., 2015).

Seismic signal frequency—less examined in debris‐flow studies—may better constrain erosion‐related topo-
graphic changes, as it is primarily controlled by path effects rather than flow characteristics (e.g., Farin
et al., 2019). Most existing models attribute debris‐flow seismic signal to single‐ and multi‐particle impacts
(Arran et al., 2021; Farin et al., 2019; Lai et al., 2018; Tsai et al., 2012; Zhang, Walter, McArdell, de Haas,
et al., 2021). Hertz's elastic impact theory demonstrates that particle‐bed contact durations represent impulse
forces relative to seismic sampling rates, implying negligible frequency dependence on fluid properties compared
to path effect modifications from erosion (e.g., Tsai et al., 2012; Zhang, Walter, McArdell, de Haas, et al., 2021).
At the same time, field observations suggest that debris‐flow erosion and deposition can shift seismic peak
frequency (Zhang, Walter, McArdell, de Haas, et al., 2021). While seismic signals show potential for quantifying
debris‐flow erosion, critical questions remain:

• Can seismic amplitudes quantify debris‐flow erosional capacity to identify erosion thresholds?
• Does seismic peak frequency resolve path effect variation during runout, reflecting channel‐bed elevation

changes?
• Is the seismic peak frequency‐bed elevation relation robust across diverse debris‐flow characteristics?

To address these questions, we analyze seismic signals, flow characteristics, channel‐bed elevation, and
geomorphic changes from 18 documented debris flows at Illgraben, Switzerland, between 2019 and 2023. We
investigate the potential of seismically derived impact forces to characterize debris‐flow erosion and identify
erosion thresholds. The data allows us to examine if changes in seismic peak frequency can represent channel‐bed
changes caused by debris flows.

2. Study Site
The Illgraben in southwestern Switzerland is Europe's most active debris‐flow torrent (Figure 1; Badoux
et al., 2009). Frequent small landslides and rockfalls on steep upper slopes deposit sediments into the channel,
serving as debris‐flow source material (Bennett et al., 2014; Schlunegger et al., 2009). During intense summer
rainfall, these deposits are mobilized by runoff, resulting in 4–12 debris flows annually from May to October
(Badoux et al., 2009; Hürlimann et al., 2003; McArdell et al., 2023).

At check dam (CD) 29, the Swiss Federal Institute for Forest, Snow and Landscape Research WSL operates an
observation station equipped with a laser sensor, a force plate, and cameras (McArdell et al., 2007). The force
plate is embedded in the channel bed upstream of the crest of CD 29. To improve debris‐flow monitoring and
early warning capabilities, a seasonal seismic network of eight 3‐component seismometers sampling at 100 Hz
has been deployed around the Illgraben catchment (Figure 1). Most stations utilize Lennartz‐1s sensors for a flat
response in the 1–100 Hz range, whereas station ILL11 near CD 27—the primary focus of this study—uses a
Trillium Compact sensor (120 s low‐frequency corner).

3. Materials and Methods
To evaluate the capacity of seismic signals to track debris‐flow erosion and channel‐bed elevation change, we
integrate high‐resolution geomorphic changes, seismic data, and force measurements.

3.1. Quantification of Geomorphic Changes

Digital Elevation Models (DEMs) for the study area are generated using structure‐from‐motion techniques in
Agisoft Metashape Pro. Except for images captured in 2019 using a DJI Mavic 2 Pro, surveys from 2020 to 2023
employed a DJI Phantom 4 Real‐Time Kinematic drone (De Haas et al., 2022). Both absolute and relative DEM
accuracy are within 10 cm, with most surveys around 5 cm. We refer to De Haas et al. (2021) for details on
processing of the 2019 elevation data and De Haas et al. (2022) for processing of the data from 2020 to 2023 (see
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Text S1 in Supporting Information S1). High‐quality DEMs are obtained for approximately 3.6 km of the channel
upstream of CD 29 between 2020 and 2023, compared to about 800 m available in 2019 (Figure 1). Additionally,
we focus on local reaches 4, 8, and 12 m downstream of CD 27 (Figure 1).

3.2. Seismic Signals Processing

We analyze seismic signals recorded by station ILL11, located near CD 27, adjacent to a channel reach with well‐
documented DEMs (Figure 1). Positioned about 15 m from CD 27, which has a height of 3.5–5 m, the station
primarily captures seismic signals generated by debris flows from CD 27 into the downstream channel (Figure 1).
For all debris flows, we calculate the power spectral density of vertical‐component seismic signals using 10 s
windows smoothed with a 5 Hz running average, from which we extract both peak frequency and seismic energy
(Figure S1 in Supporting Information S1) to evaluate their capability for tracking bed elevation changes. To
isolate path effects from flow characteristics while minimizing short‐timescale variability, we analyze pre‐
attenuation signals (Figure S1 in Supporting Information S1), averaging metrics across five durations (1,000,
1,500, 2,000, 2,500, and 3,000 s) before noise‐level attenuation, enhancing the robustness of peak frequency‐bed
elevation correlations.

3.3. Measured Vertical Fluctuating Forces From the Force Plate

The force plate triggers recording when geophones at CD27 or CD28 detect analog voltages exceeding an
empirical threshold ≥20 times within any 5‐s window, remaining active for 600 s post‐trigger unless the signal
falls below threshold (Text S2 in Supporting Information S1; Badoux et al., 2009). Force data were acquired at
2,400 Hz or 9,600 Hz in discrete 1‐s bins. For each bin, basal forces were defined as median values, while vertical
force fluctuations (ΔFm

V ) were derived from the lower quantile (25%) of differences between maximum and
median forces (Zhang, Walter, McArdell, de Haas, et al., 2021).

3.4. Seismically Derived Basal Forces

Following Zhang, Walter, McArdell, Wenner, et al. (2021), we calculated particle‐ground impact forces from
debris flows (Figure S2 in Supporting Information S1) using seismic signals in the 1–30 Hz range from station
ILL11, where most seismic energy is concentrated (Zhang, Walter, McArdell, de Haas, et al., 2021). Assuming

Figure 1. Study site. (a) Overview of the Illgraben catchment, channel, and study reaches, with seismic station locations marked by red triangles. The downstream reach
(orange area) covers 800 m of the channel, while the long reach (blue area) spans 3.6 km. The yellow area indicates the local reaches 4, 8, and 12 m downstream of check
dam (CD) 27. The digital elevation model (DEM) for the large reach includes debris flows from 2019 to 2023, whereas the downstream reach covers flows from 2020 to
2023, only. The red dashed line indicates the catchment boundary, while white and red bars represent check dams and the force plate, respectively. (b) and (c) Show
video imagery near CD 27 before and after a debris flow on 2 June 2023, captured on the day of the flow and on 10 June 2023. The Euclidean distance from station ILL11
(red triangle) to the base center of CD 27 is approximately 15 m, and the yellow dashed line outlines the Local reach downstream of CD 27.
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flat spectral amplitudes within this frequency range, we applied a damped least squares inversion for each 10‐s
window to obtain the basal fluctuating forces' spectral amplitude (Zhang,Walter, McArdell, Wenner, et al., 2021).
The root mean square of the vertical fluctuating forces (ΔFs

V) serves as the representative value for each window.
Using the well‐defined initiation and termination of ΔFm

V as reference, we identified corresponding ΔFs
V timing

through trend alignment between ΔFm
V and ΔFs

V , independent of debris‐flow variations between CD 27 and the
force plate. ΔFs

V was then resampled to 1 Hz and integrated over each event to compute cumulative seismically
derived vertical fluctuating forces (CumSFs). As a measure of total flow‐bed interaction energy per event,
CumSFs provide more robust erosion capacity estimates than instantaneous peak forces.

3.5. Quantification of Debris‐Flow Erosion Threshold

For a given channel‐bed condition, debris‐flow erosion requires ΔFs
V to exceed a critical threshold, being gov-

erned by both the basal fluctuating forces and the basal shear forces (e.g., De Haas et al., 2022). To determine this
erosion threshold, we: (a) defined potential erosion thresholds (PETs) spanning 0 to max(ΔFs

V), (b) computed
CumSFs for each PET by intergrating ΔFs

V ≥ PET throughout each complete event, and (c) evaluated correlations
between CumSFs (ΔFs

V ≥ PET) and observed channel‐bed elevation changes for all events. The erosion threshold
was then selected as the PET maximizing the CumSF‐elevation change correlation, as CumSFs robustly quantify
debris‐flow erosion capacity. For analytical simplicity, sub‐threshold processes (e.g., deposition) were excluded.

4. Results
4.1. Channel‐Bed Elevation Changes Versus Seismically Derived Fluctuating Forces

Although the lack of a precise seismic velocity model prevents absolute quantification of ΔFs
V , we examine

relative amplitudes from consistent station‐channel‐section pairs. This approach yields systematic discrepancies
between ΔFs

V and ΔFm
V when ignoring local velocity variations and source‐to‐station distance differences from

erosion/deposition (Zhang, Walter, McArdell, de Haas, et al., 2021), as demonstrated by their consistent co‐
variation across all events (Figure S2 in Supporting Information S1). We therefore analyze correlations be-
tween CumSFs (from ΔFs

V) and bed elevation changes rather than absolute values. Excluding outliers, we observe
a correlation between CumSFs and average channel‐bed elevation changes in both local and large reaches
(Figure 2 and Figure S3 in Supporting Information S1), indicating that seismic signals reflect debris‐flow erosion
capacity, with higher CumSFs corresponding to greater erosion. This relationship arises because debris‐flow
erosion is driven by both the basal fluctuating forces (represented by ΔFs

V ; e.g. De Haas et al., 2022; Jiang
et al., 2023; Zheng et al., 2025) and the basal shear forces, which is correlated with ΔFs

V (e.g., De Haas et al., 2022;
Schürch et al., 2011; Zhang, Walter, McArdell, de Haas, et al., 2021).

CumSF shows strong potential for characterizing erosion capacity. As the study reach expands from the local
reach 8 m downstream of CD 27 to the downstream reach (800 m) and long reach (3.6 km), the number of outliers
decreases from three (2019‐07‐15, 2021‐07‐16, and 2023‐07‐12; Figure 2a) to two (2021‐07‐16 and 2023‐07‐12;
Figure 2b) and finally to one (2023‐07‐12; Figure 2c). Excluding these outliers, the goodness of fit between
CumSFs and channel‐bed elevation changes increases from 0.43 to 0.61 and 0.82, respectively. This suggests that
local elevation changes are influenced by various factors, while CumSFs more effectively represent overall
debris‐flow erosion capacity across larger reaches.

The flow volume of the debris flow on 12 July 2023, is the second largest event in our data set (Figure S4e and
Table S1 in Supporting Information S1), characterized by the highest peak flow velocity (Figure S4b and Table S1
in Supporting Information S1) and the second largest peak discharge (Figure S4c and Table S1 in Supporting
Information S1). While CumSF typically correlates positively with discharge through concomitant increases in
velocity, depth and duration, this event displayed anomalously low CumSF values. This deviation from the
expected trend may reflect debris‐flow compositional differences, as CumSF depends critically on flow depth and
particle size distribution (Zhang, Walter, McArdell, de Haas, et al., 2021). Video evidence confirms the presence
of finer particulate matter in this event (Figure S5 in Supporting Information S1), consistent with the observed
CumSF depression.

Geophysical Research Letters 10.1029/2025GL118801
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4.2. Debris‐Flow Erosion Threshold

Erosion threshold corresponds to the PETs for calculating CumSFs that maximizes the correlation with channel‐
bed elevation changes. For the local reaches, the fit peaks at ΔFs

V = 0.5 kN (Figure 3b), which we define as the
erosion threshold. This fit improves slightly at the same threshold for larger local reaches (8 and 12m; Figure 3b).
In contrast, for the downstream and long reaches, the fit declines as the threshold for calculating CumSFs in-
creases, with no distinct peak observed (Figures 3c and 3d). This may result from the averaging effect over large
reaches, smoothing out localized elevation changes and erosion thresholds. Note that the simplified seismic
velocity model introduces a systematic offset between ΔFs

V and ΔFm
V , propagating to CumSF estimates. Thus,

these ΔFs
V values (e.g., ΔFs

V = 0.5 kN) presented here serve not as absolute erosion thresholds at this site, but
rather demonstrate the potential of seismic signals for threshold quantification.

In the local reaches, excluding outliers (2019‐07‐26, 2021‐07‐16, and 2023‐07‐12) significantly enhances the
correlation between CumSFs—considering the erosion threshold (ΔFs

V ≥ 0.5 kN)—and channel‐bed elevation
changes (Figures 3e–3g). Notably, when CumSFs calculated with ΔFs

V ≥ 0.5 kN exceed 1,000 kN (excluding
outliers), net erosion consistently occurs. In the downstream and long reaches, where the peak fitting for CumSFs
and channel elevation changes is at ΔFs

V = 0 kN, debris‐flow events with CumSFs over 1,000 kN also lead to net
erosion. Conversely, in local reaches, when CumSFs calculated with ΔFs

V ≥ 0 kN exceed 1,000 kN, net deposition
events become more frequent. This suggests that, once the erosion threshold is taken into account, CumSFs
exceeding 1,000 kN consistently lead to net erosion. In contrast, events below this threshold may experience some
erosion, but not enough to outweigh deposition, leading to net sediment accumulation (De Haas et al., 2020).

Figure 2. Cumulative seismically derived vertical forces (CumSFs) and channel‐bed elevation changes across: (a) the local
reach 8 m downstream of CD 27, (b) the downstream reach (800 m), and (c) the long reach (3.6 km). Outliers are marked in
each panel. After excluding these outliers, the goodness of fit between CumSFs and channel‐bed elevation changes is shown.
Error bars for CumSFs represent 30% of their value to account for uncertainties in the soil scattering damping ratio (Zhang,
Walter, McArdell, de Haas, et al., 2021), while error bars for channel changes reflect the margin of error in the digital
elevation models.

Geophysical Research Letters 10.1029/2025GL118801
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4.3. Channel‐Bed Elevation Versus Peak Frequency of Seismic Signals

Due to the proximity of station ILL11 to CD27, the seismic signals primarily originate from the area downstream
of CD27 where free falling particles impact the ground. As debris flows pass this station, the recorded peak
seismic frequencies consistently exceed background levels (Figure 4a and Figure S1 in Supporting Informa-
tion S1). In their final stages all debris‐flow events in their final stages are characterized by similar viscous,
muddy slurries. The erosion by these flows modulates CD27's drop height (and thus potential energy linked to
seismic energy (Farin et al., 2018)) at CD27, altering local channel‐bed elevation downstream. However, an
analysis of 18 debris‐flow events over five years shows no clear correlation between average seismic energy
during the final 2000 s and post‐flow absolute channel‐bed elevation within 8 m downstream of CD27 (Figure 4c).
Therefore, seismic energies in this final stage are not primarily influenced by local channel‐bed elevation (i.e.,
drop height).

In contrast, we find a significant correlation (R2 = 0.62) between average seismic peak frequencies during the
final 2,000 s and post‐flow absolute channel‐bed elevation within 8 m downstream of CD27 (Figure 4b). This
indicates that the seismic peak frequencies in the final stages are primarily governed by the post‐flow absolute
channel‐bed elevation (i.e., drop height; further discussion is provided in Section 5.1). Moreover, increases in
absolute elevation due to deposition correspond with decreases in peak frequency. Although the absolute

Figure 3. Debris‐flow erosion thresholds. (a) Illustration of thresholds based on seismically derived forces. (b–d) Potential erosion thresholds (PETs) for cumulative
seismically derived vertical forces (CumSFs) versus the goodness of fit between CumSFs (Δ Fs

V ≥ PET) and bed elevation changes across multiple spatial scales: the
local (4, 8, and 12 m downstream of CD 27), downstream (800 m), and long reaches (3.6 km), with outliers (Figure 2) excluded. The goodness of fit (R2) quantifies the
linear regression between CumSFs (ΔFs

V ≥ PET) and bed elevation changes. (e–g) CumSFs with seismically derived vertical forces (ΔFs
V ) greater than 0.5 kN versus

channel‐bed elevation changes in three local reaches. Panels (e–g) share the same legend as Figure 2. After excluding outliers (2019‐07‐15, 2021‐07‐16, and 2023‐07‐12),
the goodness of fit between CumSFs and channel‐bed elevation changes is presented. Error bars for CumSFs represent 30% of their value to account for uncertainties in the
soil scattering damping ratio, while error bars for channel changes reflect the margin of error in the digital elevation models.
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elevation changed by less than 4 m over 5 years, the peak frequency varied by over 15 Hz, highlighting its
sensitivity to bed elevation (Figure 4b).

To further validate these findings, we examined average peak frequencies over four additional durations (1,000,
1,500, 2,500, and 3,000 s; Figure S6 in Supporting Information S1) and their relation to absolute channel‐bed
elevations at two other local reaches (4 and 12 m downstream of CD27; Figure S7 in Supporting

Figure 4. Peak frequencies of vertical‐component seismic signals versus absolute channel‐bed elevation. (a) Seismic signal
and peak frequency using 200‐s moving windows during the 21 June 2019 debris flow. The red dashed line indicates the end
of the signal; the black dashed line shows the average peak frequency in the final 2000 s of the debris flows (gray shaded).
(b) Average peak frequency in the final 2000 s of the debris flow's seismic signals versus post‐flow absolute channel‐bed
elevation in the local reach 8 m downstream of CD 27. (c) Average seismic energy for the same 2000 s period versus post‐
flow absolute channel‐bed elevation in the same local reach. Panels (b and c) share the same legend as Figure 2. Error bars for
peak frequency and seismic energy indicate the standard deviation across the five durations (1,000, 1,500, 2,000, 2,500, and
3,000 s) preceding the signal's end, while error bars for absolute channel elevation reflect the margin of error in the digital
elevation models. (d) Schematic illustrating the relations among debris‐flow seismic signals, flow characteristics, and
seismic path effects.

Geophysical Research Letters 10.1029/2025GL118801
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Information S1). Consistent correlations between average peak frequencies and channel‐bed elevations across all
durations and local reaches strengthen the reliability of these results.

5. Discussion and Conclusions
5.1. Monitoring Absolute Bed Elevation Based on Peak Frequency of Seismic Signal

Our analysis reveals a consistent correlation between seismic peak frequency and channel‐bed elevation, which
we attribute to seismic wave attenuation through sediment layers. Thicker sediment deposits preferentially
attenuate higher frequencies, thereby shifting the spectral peak toward lower frequencies.

This observation aligns with debris‐flow seismic signal models that conceptualize particle impacts (both single‐
and multi‐particle) as Dirac delta impulse forces (Farin et al., 2019; Tsai et al., 2012; Zhang, Walter, McArdell, de
Haas, et al., 2021). The impulse approximation is physically justified by Hertzian contact mechanics: for typical
flow parameters (a∼1 m radius (R), a weight of∼20,000 kg (m), an impact velocity of >0.5 m/s (v), and an elastic

modulus of 50 GPa (E)), particle‐bed interaction timescales (t ≅ 2.87( m2

RE2v)

1
5
= 0.0091 s) are significantly shorter

than the period corresponding to the observed peak frequency range (10–25 Hz; Figure 4b). Consequently,
seismometers record these impacts as spatially distributed impulse sequences (e.g., Arran et al., 2021; Farin
et al., 2019). This mechanistic framework reveals a fundamental dichotomy in seismic signal interpretation: while
signal amplitude depends on both source characteristics (e.g., flow rheology) and path effects, spectral content ‐
particularly peak frequency ‐ serves as a sensitive proxy for path‐effect modifications, specifically those arising
from erosion/deposition‐induced channel‐bed elevation changes.

Generally, debris‐flow tails show limited variation in flow characteristics. While erosion‐induced drop height
variation occur at CD27, seismic energy—associated with potential energy—shows no significant correlation
with drop height. This insensitivity arises because seismic senergy reflects combined flow properties and path
effects, precluding its use for isolating path effect variations to track channel‐bed elevation changes. In contrast,
peak frequency—primarily governed by path effects—demonstrates potential for channel elevation assessment.
For near‐field surface sources, seismic signals are predominantly controlled by the properties of shallow sub-
surface sediments (Aki & Richards, 2002; Sanchez‐Sesma et al., 2011). As debris‐flow erosion reduces channel‐
bed elevation and overlying sediment thickness, high‐frequency signal attenuation decreases (Aki &
Richards, 2002), explaining the observed negative correlation between peak frequency and absolute bed
elevation.

5.2. Implication for Erosion Measurements

Debris‐flow erosional capacity, while fundamentally governed by flow‐bed interactions (De Haas et al., 2022), is
effectively quantified by CumSFs across the study reach, with one notable exception (Figure 2). On 12 July 2023,
an event with moderate CumSFs displayed a disproportionate high erosion volume, attributable to exceptional
flow dynamics (peak velocity: 5.2 m/s; discharge: 48 m3/s; Figures S4b and S4c, Table S1, Text S3 in Supporting
Information S1). This anomaly underscores two critical limitations: (a) seismic proxies may be modulated by
transient flow characteristics, and (b) the CumSF‐erosion relationship requires cross‐site validation. Furthermore,
the observed peak frequency‐bed elevation correlation assumes sedimentary erosion, its applicability to bedrock‐
incising flows has not been verified and may exhibit fundamentally different seismic signatures (Kean
et al., 2015).

Our findings indicate that seismic signals are effective for characterizing debris‐flow erosion capacity. By
analyzing the relationship between cumulative seismically derived forces (CumSFs) at various thresholds and
changes in channel‐bed elevation, we identify an erosion threshold in local reaches. This analysis can enhance
existing debris‐flow models that determine erosion thresholds using empirical formulas (Armanini et al., 2009;
Crosta et al., 2009; Marchi & D'Agostino, 2004). Furthermore, a correlation between seismic peak frequency in
the final stages of debris flows and absolute channel‐bed elevation, indicates that peak frequency effectively
tracks bed elevation changes. Although data limitations constrain correlation analysis during runout, our findings
provide a new perspective and methodology for high‐resolution monitoring of channel‐bed elevation changes
during debris‐flow events.
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