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Abstract Surge‐type debris flows propagate as a sequence of surges, forming gradually thickening in situ
deposition layers between surges that dynamically alter channel‐bed conditions. Seismic recordings from
Jiangjia Ravine reveal a progressive attenuation of ground motion amplitude with surge sequence, despite
comparable flow magnitudes—indicating a decoupling between flow scale and seismic response. We attribute
this to the accumulation and liquefaction of inter‐surge deposition layers, rather than pre‐existing deposits. To
quantify this mechanism, we adopt an effective transmission parameter (ξ) within a fluvial seismology‐based
framework, and propose a sigmoid function linking ξ to normalized deposition layer thickness (H*). This
formulation significantly improves the prediction of seismic power spectral density (PSD) across surges and
provides a transferable approach to characterize subsurface flow–bed interactions. Our findings underscore the
critical role of bed structure evolution during flow in modulating debris‐flow‐induced seismic signals, with
implications for real‐time monitoring and early warning in sediment‐rich catchments.

Plain Language Summary Debris flows are fast‐moving hazardous mixtures of water and sediment
that travel down mountain channels in a series of surges. As these surges move onto gentle slopes, they leave
behind new layers of sediment during motion—called deposition layers. Because the deposition layer can be
partially or fully eroded during post‐debris‐flow flooding, it often leaves minimal physical evidence for
subsequent investigations. Our field observations show that these layers, which form within the debris‐flow
event itself, play a key role in controlling the transmission of seismic waves through the ground. We discovered
that as each surge adds more sediment, the ground vibrations become weaker—even when the flows are similar
in size. To explain this, we adopted a parameter that describes how the growing deposition layer reduces the
effective transmission of seismic signals. We then used this parameter to develop a new model that significantly
improves our ability to predict the seismic power spectrum. This provides a novel way to detect hidden changes
beneath the surface, especially in remote or hazardous areas where direct measurements are not possible.

1. Introduction
Debris flows are unsteady mixtures of water and sediment that commonly propagate as discrete surges rather than
continuous flows (Langham et al., 2025). This surge‐like behavior has been widely observed across diverse
geomorphic settings, such as Jiangjia Ravine in China (Chen et al., 2023), Illgraben in Switzerland (McArdell
et al., 2007; Schöffl et al., 2025), Chalk Cliffs in the USA (Coe et al., 2010; Kean et al., 2013), and Gadria Creek in
Italy (Schöffl et al., 2023). Surge fronts can attain velocities much higher than trailing flows, leading to intense
impacts and high geomorphic and hazard potential (Song et al., 2023).

When debris flows enter lower‐gradient channel reaches, they commonly undergo alternating phases of erosion
and deposition (Davies, 1986; Edwards et al., 2021; Li et al., 1983). Early surges typically deposit coarse material
that builds the basal structure of the bed, which may subsequently develop into stratified paving layers as finer
sediment accumulates above (Davies et al., 1992). Later surges generally rework these deposits rather than incise
bedrock, producing partial erosion or renewed deposition that modifies flow mobility, runout, and bed structure
(Hu et al., 2022; Zhang et al., 2003). Because the bed evolves dynamically, hazard assessments assuming static
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basal conditions may underestimate the strength of flow–bed interactions (Chen et al., 2024). Post‐event floods
can further erode these deposits, often removing evidence of the preceding depositional phases.

These behaviors are consistent with the erosion–deposition wave (EDW) framework developed in granular‐flow
theory. Laboratory and theoretical studies show that shallow granular flows may organize into waves charac-
terized by cyclic basal arrest and remobilization, with stationary intervals between successive wave crests
(Edwards & Gray, 2015; Rocha et al., 2019; Takagi et al., 2011). Recent radar observations provided field‐scale
evidence of EDWs in natural debris flows (Schöffl et al., 2023), and similar cyclic deposition–reactivation
processes have been reported at Jiangjia Ravine (Chen et al., 2024). These findings suggest that surge se-
quences often contain internal wave dynamics governed by fluctuations in basal stress, pore‐fluid pressure, and
granular rearrangement, which manifest in the field not only as cyclic arrest–remobilization behavior but also as
the progressive formation and evolution of basal deposition layers (Marchi et al., 2002; Viroulet et al., 2019;
Zanuttigh & Lamberti, 2007).

Despite the relevance of EDWs for flow mechanics, their influence on seismic energy transmission is not well
constrained. How cyclic deposition, consolidation, and reactivation of basal layers affect the attenuation of high‐
frequency seismic waves remains poorly understood, even though seismic monitoring is increasingly used for
debris‐flow detection and early‐warning applications. Addressing this knowledge gap requires relating the
seismic signatures of individual surges to the internal structural transitions occurring at the flow–bed interface.
Recent advances in debris‐flow monitoring, including seismic arrays, in‐channel LiDAR, and ultrasonic flow
sensors, have provided new opportunities to resolve debris‐flow mechanics with high temporal fidelity (Aaron
et al., 2023; Berger et al., 2011; McCoy et al., 2012; Nagl et al., 2020). In particular, seismic monitoring has
shifted from simple event detection (Jiang et al., 2023; Li et al., 2020, 2022; Song et al., 2025a; Zhou et al., 2024)
to more mechanistic interpretations of signal properties.

Seismic amplitude, frequency, and energy content are increasingly linked to flow dynamics, including frontal
impact, bulk transport, flow rheology, and bed interactions (Bachelet et al., 2018; Lai et al., 2018; Tsai
et al., 2012). Theoretical models suggest that seismic power spectral density (PSD) scales with momentum
transfer at the particle–bed interface, modulated by factors such as flow velocity, grain size, and bed roughness
(Lai et al., 2018; Tsai et al., 2012). These insights have enabled a transition from empirical classifications to
physics‐informed interpretations of debris‐flow seismicity.

Experimental studies have demonstrated that elastic waves generated by particle impacts on erodible beds are
sensitive to the bed's structure and saturation state. Specifically, thicker or more saturated substrates tend to
absorb more energy, reducing the amplitude and clarity of the seismic signal (Bachelet et al., 2018). For example,
Kean et al. (2015) showed that static pre‐deposited layers attenuate ground motion via viscous damping and
disrupted force transmission. However, these experiments treat the bed as static, whereas surge‐type debris flows
rapidly generate and rework inter‐surge deposits; the role of such surge‐dependent bed changes in modulating
seismic transmission remains unresolved.

Field observations from Jiangjia Ravine point to this gap. During a well‐recorded debris‐flow sequence in 2010, a
bedrock‐mounted accelerometer registered high‐amplitude signals during the initial surges; however, subsequent
—and in some cases larger—surges produced markedly weaker ground motion. This apparent decoupling be-
tween surge magnitude and seismic amplitude lacked a mechanistic explanation at the time, in part because the
evolution of the near‐bed layer was not independently constrained.

In this study, we revisit this phenomenon with a new data set collected during a debris‐flow event in Jiangjia
Ravine in July 2024. We hypothesize that inter‐surge deposition layers evolve into a liquefied, energy‐absorbing
medium that dampens seismic wave transmission. Thus, the observed reduction in seismic amplitude across
successive surges does not necessarily indicate reduced flow energy but rather reflects progressive changes in the
subsurface structure. We test this hypothesis using synchronous seismic, video, and flow depth data, and propose
a new attenuation parameter ξ to characterize the seismic transmission efficiency as a function of deposition layer
development.

2. Study Site and Observations
Jiangjia Ravine, located in Yunnan Province, China, is a tributary of the Xiaojiang River—an upper branch of the
Yangtze River—renowned for its frequent and high‐magnitude debris flows (Figure 1a). Field observations were
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Figure 1. Study area and debris flow observations. (a) Plan view of Jiangjia Ravine. Field monitoring setup at DDFORS.
(b) Field image of an early surge traveling over a freshly scoured bed with no deposition layer. (c) Field image of a later surge
overriding accumulated deposition. (d) Schematic illustration of surge‐induced erosion and deposition process. (e) Measured
hydrograph showing deposition layer buildup during a debris flow on 24 July 2001.
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conducted at the Dongchuan Debris Flow Observation and Research Station (DDFORS), which provides a long‐
term hydrological and geophysical monitoring infrastructure (Wei et al., 2025). The debris flows in this region are
characteristically dense, highly viscous, and composed of multiple surges, making Jiangjia an ideal natural
laboratory for investigating the erosion and deposition dynamics and seismic responses of surge‐type flows.

To capture the temporal evolution of individual surges and associated bed responses, we deployed an integrated
monitoring system comprising triaxial geophones (frequency range: 4.5–100 Hz; 24‐bit resolution), video
cameras operating at 10 frames per second. This setup enabled synchronous acquisition of seismic waveforms,
video imagery, and hydrodynamic parameters during debris flow events. It should be noted that the ultrasonic
flow‐depth sensor experienced a malfunction during the 28 July 2024 event, preventing the acquisition of a
continuous flow‐depth time series. Nevertheless, peak frontal flow‐depth measurements were successfully ob-
tained for each debris‐flow surge, providing reliable constraints on the surge‐scale flow depth.

As illustrated in Figures 1b and 1c, the debris flows at Jiangjia typically consist of discrete steep‐fronted surges.
An event in 2000 demonstrated the full sequence of surge dynamics, including the formation of a basal “pave-
ment” from remnant sediments deposited by late‐stage surges (Figure 1d). Figure 1e further highlights the initial
surge propagating over a coarse bed surface, followed by progressive sediment accumulation into a saturated
basal layer approximately 0.6 m thick.

In this study, we analyzed a debris flow event that occurred on 28 July 2024, which was captured in full by our
monitoring system. The flow initiated at 03:24 UTC (11:24 local time) and lasted approximately 1 hr, with surge
dynamics recorded on video (Song et al., 2025c). The study reach at Geo3 (Figure 1a) is a straight, constant‐slope
section of the channel (3.7°) instrumented with seismic (Figure 6b), providing conditions suitable for controlled
comparisons of surge behavior. A total of 33 discrete surges and several short continuous‐flow intervals were
identified from field observations and video analysis (Table 1). Based on their timing and flow behavior, the 28
July 2024 event can be divided into two dynamically distinct phases. Group 1 (Flowing on a stiff bed, Surges 1–
17) represents the early phase in which the surges mobilized over a relatively stiff and undeformed basal surface,
producing continuous or semi‐continuous surge trains. Group 2 (Stationary remobilization, Surges 18–33) cor-
responds to the later stage, where discrete surges were separated by pronounced inter‐surge deposition. These
deposits facilitated temporary basal arrest followed by remobilization.

This frequency range was determined from both our spectral analysis (which shows debris‐flow energy
concentrated within 8–35 Hz, Figure S1 in Supporting Information S1) and previous studies that identified similar
frequency bands for debris‐flow signals (Belli et al., 2022; Zhou, Cui, et al., 2025; Zhou, Tang, et al., 2025).
Applying the same 5–45 Hz filter to all surges ensures consistent comparison of seismic energy attenuation
among events. Power Spectral Densities (PSDs) were derived from 100 Hz seismic records using the Welch
method with 1024‐sample Hanning windows and 50% overlap. Each waveform was de‐trended, de‐meaned, and
zero‐phase band‐pass filtered (5–45 Hz; narrow transition near 45–50 Hz) to suppress background and sensor
noise. Surge windows were manually defined by synchronizing video and seismic data; an analysis window of
∼10 s immediately preceding head arrival was used for PSD computation. All power spectral densities (PSDs)
analyzed in this study are computed from ground velocity records. Fourier amplitudes were squared, averaged,
and normalized to obtain PSDs in (m/s)2/Hz (or equivalent velocity units), which were then log‐scaled (dB) for
comparison among surges (Figure 2b).

To systematically assess this phenomenon, we selected three additional surge pairs (Figures 3–5), each carefully
controlled for velocity while allowing the surge scale and bed conditions to vary. In each case, the earlier surge
traveled over a relatively bare or compact bed, while the later surge propagated over a progressively thickened
saturated deposition layer formed by preceding surges. Ground velocity time series and corresponding PSD
curves were extracted from the vertical component (Z) recorded by geophone Geo3. To assess whether the
progressive buildup of basal sediments attenuates ground vibrations, we focused particularly on Group 2 surges,
where the influence of remnant deposition layers on seismic transmission is expected to be most pronounced.

Across all comparisons, the earlier surges generated higher seismic amplitudes and energy, even when smaller in
thickness or width. For example, Figure 3 illustrates that Surge 12 (0.4 m thick, 17 m wide, 8.3 m s− 1) produced
stronger ground motion than the later Surge 26 (0.6 m thick, 28 m wide, 8.3 m s− 1). Similarly, Figure 4 shows that
Surge 14 (0.4 m thick, 26 m wide, 7.1 m s− 1) generated greater seismic output than the larger Surge 27 (0.6 m
thick, 28 m wide, 7.1 m s− 1). In the final comparison (Figure 5), Surge 17 (0.4 m thick, 8 m wide, 4.5 m s− 1)
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Table 1
Flow Width, Flow Height, Front Velocity, and Bulk Density Measured During the 28 July 2024 Debris‐Flow Event at
Jiangjia Ravine (UTC)

Label
Time for surge front Surface width Surge front height Front velocity of surge flow Unit weight

T1/(h:m:s) B/m h/m v/(m/s) γc/(1000 kg/m
3)

1 3:24:52 12 0.3 6.3 2.0

2 3:25:28 22 0.3 6.3 2.0

3 3:26:04 27 0.3 8.3 2.0

4 3:26:24 28 0.5 10.0 2.0

5 3:26:53 28 0.7 8.3 2.1

6 3:27:17 28 0.8 8.3 2.1

7 3:27:40 28 1.0 8.3 2.0

8 3:28:05 28 1.0 7.1 2.1

9 3:28:34 28 1.0 8.3 2.1

10 3:28:52 12 0.3 8.3 2.1

C 3:29:02 20 0.3 8.0 2.0

C 3:29:42 15 0.3 8.0 2.0

11 3:30:50 27 0.6 7.1 2.1

C 3:31:14 8 0.3 7.0 2.0

12 3:32:17 17 0.4 8.3 2.0

C 3:32:42 8 0.3 8.3 2.0

13 3:34:00 20 0.4 10.0 1.9

C 3:34:29 8 0.3 7.1 1.9

14 3:35:08 26 0.4 7.1 1.9

C 3:35:21 8 0.3 8.3 1.9

15 3:35:51 16 0.4 6.3 2.0

C 3:36:49 5 0.3 8.3 1.9

16 3:37:21 28 0.8 8.3 2.0

17 3:38:35 8 0.4 4.5 1.8

18 3:39:02 10 0.4 5.6 1.8

19 3:39:32 28 0.9 7.1 2.1

20 3:40:37 10 0.5 6.3 2.1

21 3:41:05 28 0.7 7.1 2.1

22 3:41:34 28 0.7 10.0 2.1

23 3:42:24 10 0.3 5.6 1.8

24 3:42:59 8 0.3 4.5 1.8

25 3:43:58 28 0.9 8.3 2.1

26 3:44:24 28 0.6 8.3 2.1

27 3:44:55 28 0.6 7.1 2.0

28 3:46:32 28 0.6 4.2 2.0

29 3:47:34 28 0.5 4.2 1.9

30 3:49:13 25 0.5 4.2 1.8

31 3:49:26 25 0.4 2.8 1.8

32 3:50:40 25 0.5 4.5 1.8

33 3:52:47 25 0.4 4.2 1.8

Note. Surges flow is numbered (1–33), while continuous‐flow intervals are labeled “C.” All values are derived from field
observations and video interpretation.
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produced stronger high‐frequency energy than Surge 27 (0.5 m thick, 28 m wide, 4.5 m s− 1), with peak PSD
power concentrated in the 30–40 Hz band.

To quantitatively evaluate the degree of liquefaction of the basal layer, we estimated the liquefaction ratio
(LR = P/σ) following Chen et al. (2023). The calculated LR values of 0.88–0.89 for the 28 July 2024 surges
indicate that the pore‐fluid pressure approached the total normal stress, suggesting a nearly liquefied state. This
provides mechanical evidence that the basal deposition layer behaved as a liquefied medium, consistent with the
observed seismic attenuation pattern.

Together, these results provide robust field evidence that the evolving state of the channel bed—notably, the
buildup of liquefied inter‐surge sediment—plays a dominant role in modulating seismic signal strength. The
consistent attenuation observed in later surges supports the hypothesis that subsurface softening and energy
dissipation within the deposition layer substantially reduce ground motion, even when flow conditions at the
surface appear equally or more energetic.

This counterintuitive result suggests that seismic energy transmission is not solely governed by the instantaneous
flow characteristics of a given surge but is also influenced by evolving subsurface conditions—specifically, the
progressive accumulation of remnant deposition layers from preceding surges. These deposition layers likely
reduce bed stiffness and disrupt seismic coupling efficiency, leading to stronger attenuation of ground vibrations
in later surges. As such, these comparative observations provide solid support for our hypothesis that the surge
size–seismic amplitude relationship is modulated by the cumulative mechanical effects of subsurface evolution.

We interpret this apparent paradox as evidence of attenuation caused by a progressively thickening and liquefied
basal layer. Figure 6 illustrates the hypothesized mechanism: the initial surge traversed a relatively rigid pre‐event

Figure 2. Seismic comparison between two representative debris flow surges. (a) Triaxial ground velocity waveforms
recorded by geophone Geo3 during Surge 11 (03:30:50 UTC) and Surge 27 (03:44:51 UTC). All waveforms were
preprocessed by removing the mean, linear detrending, and applying a band‐pass filter between 5 and 45 Hz to isolate the
dominant frequency range of debris‐flow‐induced ground motion. (b) Corresponding power spectral density (PSD) curves
derived from the vertical component (Z) of ground motion. Despite Surge 27 being larger in flow width and depth, Surge 11
generated significantly stronger seismic energy across the entire spectrum, illustrating the influence of evolving bed
conditions on seismic wave transmission.
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bed, enabling efficient seismic transmission. In contrast, subsequent surges encountered a liquefied evolving layer
that absorbed and scattered seismic energy. This attenuation likely arises from disruption of grain‐scale force
chains, viscous damping within water‐filled pore spaces, and enhanced scattering due to increased heterogeneity
of the medium.

3. Methods
To test our hypothesis, we employed two complementary theoretical formulations that evaluate the influence of
deposition layers on seismic response during surge‐type debris flows. These formulations relate debris‐flow
dynamics to seismic signal characteristics and allow us to quantify the modulation of seismic energy trans-
mission by evolving channel‐bed conditions.

3.1. Kinetic–Seismic Energy Scaling

The motion of a debris flow can be viewed as a transformation of the gravitational potential energy of the
mobilized mass into kinetic energy and ultimately into dissipated forms such as basal friction, fluid–particle
interactions, and ground vibrations. In this framework, the debris flow is treated as an integrated mass, and the
total energy released during its downslope motion directly governs the strength of the associated seismic signals.
Part of this release is dissipated internally within the flow, but a significant fraction is transferred to the channel
bed through particle impacts, generating elastic waves that propagate as seismic energy. Consequently, the
amplitude and frequency content of the seismic signal provide a measure of how efficiently the flow's bulk energy
is coupled into the ground. At the end of motion, when deposition occurs, the remaining kinetic energy vanishes,
and the total seismic radiation recorded along the flow path reflects the overall loss of potential energy of the
debris mass.

Figure 3. Seismic comparison between two representative debris flow surges. (a) Time history of vertical ground velocity
recorded by geophone Geo3 during Surge 12 (03:32:17 UTC; red) and Surge 26 (03:44:24 UTC; black). Although Surge 26
was larger in physical dimensions (0.6 m thick, 28 m wide, 8.3 m/s) compared to Surge 12 (0.4 m thick, 17 m wide, 8.3 m/s),
it generated a weaker seismic response. (b) Power spectral density (PSD) curves derived from the vertical component show
that both surges share a similar dominant frequency range (10–40 Hz), but the earlier smaller surge (Surge 12) exhibits
markedly higher spectral power across the band. This highlights enhanced seismic coupling and reduced attenuation in the
absence of thick deposition layers.
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Following Coviello et al. (2019), we assume that the seismic energy radiated by a debris flow surge is linearly
proportional to its kinetic energy. This assumption is consistent with earlier work linking granular flow dynamics
to seismic emissions (Deparis et al., 2008; Hibert et al., 2011; Levy et al., 2015), wherein solid particle impacts at
the bed surface act as the primary energy transfer mechanism. For a given cross‐section, the kinetic energy per
unit area Ek (J/m

2) of a surge front is expressed as:

Ek =
1
2
· m · v2 (1)

where v (m/s) is the surge front velocity, andm= ρh (kg/m2) is the mass per unit area, with ρ the bulk density (kg/
m3) and h the surge height (m) relative to the deposition surface. Assuming a scaling between kinetic and seismic
energy following Coviello et al. (2019), we test whether the peak amplitude recorded by a near‐channel geophone
can serve as a proxy for the kinetic energy of the debris‐flow front, using field data from the Jiangjia Ravine.

3.2. Physics‐Based PSD Modeling and Inversion of Seismic Attenuation

To complement the PSD‐based analysis, we adopt the physics‐based model of Lai et al. (2018), originally
developed for seismic radiation from fluvial sediment transport. In this formulation, the vertical ground velocity is
expressed as the superposition of surface waves generated by individual particle–bed impacts, and the corre-
sponding power spectral density (PSD) of the ground motion is derived directly from the theoretical treatment of
each particle impact on the channel bed:

Figure 4. Seismic comparison between two representative debris flow surges. (a) Vertical ground velocity time series
recorded by geophone Geo3 during Surge 14 (03:35:08 UTC; red) and Surge 27 (03:44:51 UTC; black). Despite being
smaller in scale (0.4 m thick, 26 mwide, 7.1 m/s), Surge 14 produced a significantly stronger seismic response than the larger
Surge 27 (0.6 m thick, 28 m wide, 7.1 m/s), highlighting a disruption in the typical amplitude–scale relationship. (b) Power
spectral density (PSD) analysis reveals similar dominant frequency bands (10–40 Hz) for both surges, yet the earlier smaller
surge exhibits substantially higher spectral power. These results point to enhanced seismic coupling in the absence of basal
damping layers and support the hypothesis of attenuation caused by progressive subsurface deposition during the debris‐flow
sequence.
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P =
0.62(1 + ξ)2π4ρ2D

36ρ2g v5c r0
·LWD3u3 · f 3+5ξ · e− 2π f

1+ξr0(1+ξ)/vcQ (2)

where, P represents estimated seismic power spectral density ((m/s)2/Hz). Here, ξ is the velocity‐structure
parameter introduced by Tsai et al. (2012) that controls the frequency dependence of Rayleigh‐wave phase ve-
locity and, consequently, the frequency‐dependent attenuation term in the PSD formulation. ρg is the bulk ground
density (kg/m3), and ρD is the density of the debris flow (kg/m

3). vc denotes the Rayleigh wave phase velocity at
1 Hz (m/s), and Q is the Rayleigh wave quality factor, assumed to be frequency‐independent within the observed
range (Tsai et al., 2012). The frequency f is in hertz. r0 represents the average distance (m) between the seismic
station and the debris flow source. D is the 94th percentile of the grain size distribution (m), while u is the mean
flow velocity (m/s). L and W denote the length of the boulder‐rich snout and the width of the debris flow (m),
respectively.

If L ≫ r0, the effective source length is truncated to L = r0 to account for geometric spreading in seismic wave
propagation (Lai et al., 2018). This model allows surge‐to‐surge inference of changes in effective high‐frequency
transmission associated with the near‐surface structure through ξ, which is later estimated for each surge using a
surge‐by‐surge inversion based on the observed PSD.

To quantify the mechanical attenuation induced by evolving bed conditions during surge‐type debris flows, we
estimate the attenuation parameter ξ for each individual surge using the theoretical framework proposed by Lai
et al. (2018). Here ξ is treated as an effective transmission parameter that summarizes surge‐to‐surge changes in
the near‐surface structure affecting high‐frequency spectral decay in the adopted PSD formulation. We do not
interpret ξ as an intrinsic dissipation parameter (i.e., it is distinct from Q), but as a descriptor of the evolving near‐

Figure 5. Seismic comparison between two representative debris flow surges. (a) Vertical ground velocity time series
recorded by geophone Geo3 during Surge 17 (03:38:35 UTC; red) and Surge 27 (03:50:40 UTC; black). Although Surge 17
is smaller in scale (0.4 m thick, 8 m wide, 4.5 m/s), it produces a much stronger seismic response than the larger Surge 27
(0.5 m thick, 28 m wide, 4.5 m/s), suggesting anomalous signal transmission behavior. (b) Power spectral density (PSD)
analysis reveals that both surges share a dominant frequency band around 30–40 Hz; however, the earlier smaller surge
exhibits significantly greater power. This further demonstrates enhanced seismic coupling prior to substantial bed deposition
and highlights the attenuation effect of evolving subsurface layers in surge‐type debris flows.
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surface velocity gradient and scattering/impedance structure that modulates the frequency‐dependent attenuation
term.

For each subsequent surge i, the observed seismic power spectral density (PSD), denoted as Pi, is normalized
against that of the baseline surge P0, resulting in a dimensionless ratio Pi/P0.

This observed ratio is then compared to the theoretical prediction derived from the right‐hand side of the
following expression (Equation 2), which models seismic attenuation as a function of ξ:

P(ξ) ∝ f 3+5ξ · e− 2π f
1+ξr0(1+ξ)/vcQ (3)

In seismological theory, the parameter ξ describes the frequency dependence of Rayleigh‐wave phase velocity
and reflects the vertical velocity gradient of the near‐surface medium (Tsai et al., 2012), rather than intrinsic
energy dissipation. In our PSD formulation, ξ enters both the power‐law factor f 3+ 5ξ and the exponential
attenuation factor exp {− 2πf 1+ ξr0(1 + ξ)/ (vcQ)}. Over the analyzed band (10–40 Hz), the exponential term is
highly sensitive to ξ and controls the shape of the high‐frequency roll‐off, whereas the power‐law factor primarily
modulates the spectral slope and governs the overall decrease in PSD magnitude as ξ decreases.

To estimate ξ for each surge, we numerically solve the following inversion equation:

Figure 6. Conceptual model of flow–bed interaction during surge‐type debris flows. (a) Profile view showing seismic wave
propagation during early surges on bed sediment shields. (b) Cross‐sectional view of the surge front during the early stage
without deposition layer, showing sensors positioned along the channel margin and a strong seismic–flow correlation due to
minimal bed accumulation. (c) Surge traveling over a liquefied deposition layer, where progressive subsurface buildup
disrupted force chains within the saturated substrate, leading to significant attenuation of seismic‐wave transmission.
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P/P0 = P(ξ)/P(ξ0) (4)

Equation 4 is inverted using the nonlinear root‐finding algorithm fsolve from the SciPy library. The inversion was
performed over the 10–40 Hz frequency band, with an initial guess of ξ = 0.4, a convergence tolerance of 10− 4,
and no additional parameter bounds applied. Following the formulation of Lai et al. (2018), ξ describes the
frequency dependence of Rayleigh‐wave phase velocity and the associated structural control on frequency‐
dependent attenuation, rather than intrinsic energy dissipation (Tsai et al., 2012). We adopted a baseline value
ξ0 = 0.4 for the first surge, consistent with previous studies that reported ξ ≈ 0.25–0.5 for firm, non‐liquefied
sediments (Lai et al., 2018). Subsequent ξ values were obtained by fitting Equation 2) to the observed PSD
decay and expressed relative to this reference (Δξ= ξ − ξ0). Variations in ξ relative to the baseline value ξ0 reflect
changes in the near‐surface velocity structure. A decrease in ξ leads to stronger frequency‐dependent exponential
decay in the PSD formulation, reducing the effective transmission of high‐frequency seismic energy to the station.
This inversion is repeated for all surges (i = 2, 3, …, N), yielding a surge‐by‐surge time series of ξ values that
isolate the evolving seismic damping behavior induced by inter‐surge deposition layers.

While Equation 4 provides only an order‐of‐magnitude approximation, its relative formulation allows robust
comparisons between surges recorded by the same sensor. This physically grounded inversion framework enables
tracking of the dynamic channel‐bed conditions during debris‐flow sequences, and provides a mechanistic basis
for interpreting variations in seismic signal amplitude.

Together, these two approaches provide complementary perspectives on debris‐flow seismogenesis. The energy‐
scaling analysis treats the surge as an integrated mass, directly relating its bulk kinetic energy to the observed
seismic amplitude. In contrast, the PSD‐based model resolves seismic radiation as the theoretical superposition of
individual particle–bed impacts, with the ξ parameter capturing surge‐to‐surge changes in effective high‐
frequency transmission associated with evolving near‐surface structure. Viewed jointly, the first approach
highlights the macroscopic correspondence between flow energetics and ground motion, while the second offers a
mechanistic framework for interpreting how evolving bed conditions modulate the seismic signal.

4. Results
4.1. Disrupted Seismic–Scale Relationship Due To Deposition Layers

To evaluate our hypothesis that evolving basal deposition layers modulate seismic transmission, we analyzed the
surge‐by‐surge seismic and flow characteristics during the 28 July 2024 debris‐flow event at Jiangjia Ravine.
Specifically, we examined the relationship between individual surge size—characterized by flow thickness and
velocity—and the corresponding seismic amplitude recorded by near‐field geophones. The results were compared
with previously published data from Gadria Creek (Coviello et al., 2019) to assess the influence of subsurface
evolution on seismic response consistency.

As shown in Figure 7a, a generally positive linear relationship exists between the surge scale and peak seismic
amplitude, in line with physical expectations that larger flows exert greater dynamic loading on the channel bed.
This trend is qualitatively consistent with field data reported by Coviello et al. (2019), who observed a strong
coupling between surge scale and seismic signal strength. However, quantitative comparison reveals a marked
difference in fit quality: while Coviello et al. reported a high coefficient of determination (R2 = 0.833), our data
set yields only a moderate correlation (R2 = 0.443).

To further investigate the discrepancy between seismic and dynamic metrics, we provide surge‐by‐surge sup-
plementary analyses in Figures S2–S4 in Supporting Information S1. Figure S2 in Supporting Information S1
presents the evolution of debris‐flow kinematic parameters, including front velocity and kinetic energy, showing
that the dynamic intensity of the surges does not exhibit a systematic decline throughout the event. Figure S3 in
Supporting Information S1 displays the corresponding seismic metrics—peak amplitude and Arias intensity—
and reveals a progressive reduction in seismic energy in the later surges. Figure S4 in Supporting Informa-
tion S1 compares these seismic parameters with normalized kinetic energy, demonstrating that while peak
amplitude retains a moderate positive association with flow intensity, Arias intensity shows no clear correlation.
Collectively, these Supporting Information S1 results confirm that the observed seismic dampening cannot be
attributed solely to changes in surge magnitude or energy. Instead, they support our interpretation that the
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progressive evolution of the basal deposition layer exerts increasing control over seismic‐wave propagation
during the later stages of the event.

This discrepancy suggests that the surge–seismic amplitude relationship in Jiangjia Ravine is influenced by
additional attenuating factors not prominent at Gadria Creek. We attribute this weaker correlation to the presence
and progressive development of liquefied deposition layers between surges. As successive surges traverse an
increasingly saturated and deformable substrate, energy transmission into the bedrock is likely dampened through
mechanisms such as viscous dissipation in pore fluids, scattering by structural heterogeneity, and disruption of
granular force chains. These processes introduce nonlinearity and variability into the seismic response, effectively
decoupling seismic amplitude from surge size (Figures 2–5).

This interpretation is further supported by several anomalous surge comparisons. For instance, Surge 11
(03:30:50 UTC) generated a much stronger seismic response than Surge 27 (03:44:51 UTC), despite being
smaller in scale (0.4 vs. 0.6 m in flow thickness). Such examples underscore the role of evolving bed conditions—
rather than flow magnitude alone—in shaping ground vibration signals during debris‐flow sequences.

4.2. Subsurface Evolution Decouple PSD–Energy Scaling in Surge‐Type Flows

While the empirical framework proposed by Coviello et al. (2019) offers valuable insight into the scaling rela-
tionship between debris‐flow magnitude and seismic amplitude, it largely neglects the mechanical evolution of
the channel bed—particularly the role of dynamically accumulating deposition layers during multi‐surge events.

Figure 7. Influence of deposition layer on seismic signal attenuation. (a) Comparison of surge scale and seismic amplitude
using our data (33 surges) and Coviello et al. (2019). (b) Modeled PSD versus observed seismic amplitude based on Lai
et al. (2018). Group 1 (with intermittent continuous flow) shows strong linearity (R2 = 0.724), while Group 2 (pure surges)
shows poor fit (R2 = 0.011), reflecting signal attenuation by buildup of deposition layer. (c) Inversion‐derived ξ values as a
function of surge number (N) for the 28 July 2024 debris flow event at Jiangjia Ravine. The green dashed line represents the
sigmoid function fitted to Group 2, capturing the progressive attenuation effect of evolving subsurface deposition layers.
(d) Sigmoid empirical fit linking ξ to surge number N, and improved seismic model performance after incorporating the
deposition‐dependent ξ into the theoretical framework.
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Their model conceptualizes debris flows as uniform masses traveling over a static substrate, assuming direct
energy coupling between surge momentum and ground vibration. However, such assumptions may not hold in
field conditions where the subsurface evolves rapidly.

In contrast, the theoretical formulation by Lai et al. (2018) explicitly links seismic power spectral density (PSD) to
particle–bed interactions and incorporates the influence of substrate mechanical properties. This enables us to
assess how inter‐surge deposition modulates seismic signal strength beyond surge size alone. By integrating both
frameworks, we aim to capture the progressive decoupling of seismic energy transmission as the basal layers
evolve.

As shown in Figure 4b, a distinct difference emerges between two surge groups. In Group 1 (surges 1–17), a
strong linear relationship was observed between modeled PSD and measured seismic amplitude (R2 = 0.724,
p < 0.005), indicating robust coupling consistent with both Coviello's empirical and Lai's physical model as-
sumptions. However, in Group 2 (surges 18–33), the correlation breaks down entirely (R2 = 0.011), reflecting a
near‐total decoupling between modeled energy input and actual seismic output.

This deterioration aligns with our hypothesis that continuous flow in early stages helps prevent significant layer
accumulation, thus maintaining a stable bed condition and effective seismic coupling. Once the continuous flow
subsides and the inter‐surge intervals lengthen, sediment progressively accumulates at the bed, creating
deformable and energy‐absorbing layers. These deposition layers likely absorb and scatter incoming energy,
leading to non‐linear damping and ultimately obscuring the expected PSD–seismic amplitude scaling.

To better quantify this evolving attenuation behavior, we invert ξ as an effective near‐surface transmission
parameter within the Lai et al. (2018) PSD framework, ξ, from Lai et al. (2018). This dimensionless parameter
captures the combined effect of substrate thickness, stiffness, and energy dissipation properties, providing a
physically grounded measure of how deposition layers modulate seismic transmission over time. While the Lai
model explains instantaneous variations between surges, the ξ parameter enables us to track surge‐by‐surge
changes in effective seismic transmission efficiency associated with evolving near‐bed structure.

4.3. Attenuation Parameter ξ Captures the Modulating Role of Evolving Deposition Layers

Building on the parameterization framework described above, we further investigate the relationship between the
parameter ξ and the thickness of the deposition layer. As shown in Figure 7c, during the sequence of surge‐type
debris flows, the ξ values inverted from Equation 4 exhibit distinct temporal patterns across the two groups.

In the Group 1, which experiences intermittent continuous flow, ξ values fluctuate—alternating between in-
creases and decreases—consistent with our earlier hypothesis that continuous flow episodes erode or thin
deposition layers, thereby reducing their attenuating effect. In contrast, the Group 2, characterized by purely
discrete surges, shows a monotonic decline in ξ over time. This trend suggests that as the number of surges
increases, the deposition layer progressively accumulates and liquefies, increasingly damping seismic wave
transmission. The ξ values approach a lower asymptote near 0.1, consistent with a fully saturated and mechan-
ically weakened subsurface (Zhang et al., 2021).

As shown in Figure 7c, ξ values decrease systematically with the surge sequence, indicating a progressive
reduction in the effective transmission of high‐frequency seismic energy. This behavior arises from enhanced
frequency‐dependent exponential decay associated with changes in the near‐surface velocity structure induced by
the evolving liquefied deposition layer. This pattern supports our interpretation of ξ as a proxy for the evolving
mechanical influence of inter‐surge deposition layers on seismic signal propagation.

To capture this relationship quantitatively, we propose an empirical fitting equation that links ξ to surge number,
reproducing the observed nonlinear attenuation trend. This relationship not only reflects the progressive energy
damping induced by sediment accumulation but also serves as a generalizable tool for extending seismic‐based
interpretations of subsurface conditions to other debris‐flow‐prone environments. It provides a practical frame-
work for inferring the time‐evolving flow–bed interactions where direct measurements are unavailable.

The proposed empirical function is given by

ξ = 0.1 +
0.4

1 + e0.24N− 2.05
(5)
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This sigmoid‐shaped equation offers several advantages. It provides physically meaningful upper and lower
bounds for ξ (Tsai et al., 2012), corresponding respectively to early‐stage minimal attenuation and late‐stage
saturated conditions. The decline rate and the inflection point—controlled by the exponential term—can be
adjusted to reflect different channel morphologies or sediment dynamics, enhancing its site‐specific applicability
and potential for broader use in debris flow monitoring.

By incorporating this empirically calibrated ξ value into Equation 2, we recalculated the seismic power spectral
density P for each surge in Group 2. The resulting regression analysis shows a marked improvement in linearity,
with the coefficient of determination (R2) increasing from 0.011 to 0.383 and the p‐value decreasing from 0.70 to
0.0106. This enhancement indicates that once the influence of the deposition layer is properly accounted for, the
seismic response predicted by Lai's theoretical model aligns more closely with the observed data. These findings
strongly support our hypothesis that the deposition layer significantly modulates seismic wave propagation and
must be considered in physical modeling frameworks.

4.4. Attenuation Parameter ξ Quantitatively Tracks Observed Deposition Layer Buildup

To further explore the physical meaning of ξ, we conducted a quantitative analysis linking ξ to measured
deposition layer thickness based on long‐term field data from Jiangjia Ravine between 1999 and 2001. As an
initial step, we examined the relationship between the number of surge events (N) and the residual deposition
layer thickness (H, m), which was consistently measured after debris‐flow sequences.

As shown in Figure 8a, the normalized deposition height H*—computed as the measured deposition thickness
normalized by its event‐specific maximum value (H/Hmax)—exhibits a systematic and self‐similar progression
across seven independent debris‐flow events from 1999 to 2001. Despite differences in magnitude and hydrologic
forcing, all events display the same characteristic pattern: H* rises sharply during the early surges and then
gradually approaches a saturation level.

Taken together, these independent lines of evidence—historical measurements and contemporary field
observations—demonstrate that deposition height and surge number are strongly linked at Jiangjia Ravine. This
validates the use of the 1999–2001 H* data (Chen & Song, 2023) as a physically robust analogue for interpreting
basal‐layer evolution during the 2024 event, even though direct thickness measurements were unavailable for
2024. The recurrence of a self‐similar buildup curve across events supports the conclusion that basal‐layer
thickening is governed by intrinsic surge‐sequence mechanics rather than by year‐specific external conditions.
As shown in Figure 8a, the normalized deposition height H*, obtained by dividing the measured deposition
thickness by its maximum value (H/Hmax), increases systematically with the number of surges N across multiple

Figure 8. Influence of deposition layer on seismic wave attenuation. (a) Progressive increase in normalized deposition layer
thickness (H*) with surge number (N) across seven multi‐surge debris flow events observed at Jiangjia Ravine from 1999 to
2001. The accumulation follows a logistic (sigmoid) growth pattern, characterized by rapid early‐stage sediment buildup and
subsequent saturation constrained by channel topography. (b) Inverse nonlinear relationship between the attenuation
parameter (ξ) and normalized deposition layer thickness (H*). As H* increases, ξ decreases asymptotically, approaching a
lower bound. This behavior indicates enhanced seismic damping as the liquefied basal layer thickens, suggesting that signal
attenuation is strongly modulated by the evolving structure of the subsurface bed.
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debris flow events. Each colored dot represents an individual surge within a specific event, with data spanning
seven separate debris flow events (1999‐07‐16 to 2001‐07‐24). Despite variability among events, all exhibit a
consistent upward trend in H*, indicating that deposition layers accumulate progressively during multi‐surge
sequences.

To quantitatively describe this relationship, we fit a logistic growth function:

H∗ =
1

1 + e− 0.149N+0.771
(6)

This sigmoid function (black dashed line in Figure 8a) captures the nonlinear accumulation pattern of deposition
layers, with a relatively rapid initial increase followed by a gradual saturation as the surge number N exceeds∼20.

This pattern reflects a physically intuitive process: early surges deposit material efficiently onto a relatively bare
channel bed, whereas subsequent surges increasingly interact with pre‐existing deposits, leading to reduced in-
cremental deposition and an eventual asymptotic behavior. The logistic form also aligns with the expectation that
topographic saturation and sediment mobilization capacity constrain the maximum achievable deposition
thickness under gentle slope conditions (Edwards et al., 2021).

By combining the empirical relationships of ξ–N and H*–N, we further derived an explicit expression linking ξ to
normalized deposition layer thickness H*:

ξ = 0.1 +
0.4

1 + 0.446 ( 1 − H∗

H∗ )
1.611 (7)

As shown in Figure 8b, the derived ξ–H* relationship exhibits a smooth nonlinear decline, consistent with
theoretical expectations of increasing signal attenuation as deposition layers become thicker. When the
normalized deposition layer height H* is low, ξ remains high (approaching 0.5), indicating limited damping and
efficient seismic transmission. However, as H* increases beyond 0.5, ξ rapidly decreases and asymptotically
approaches ∼0.1. This pattern confirms the strong attenuation effect of well‐developed liquefied subsurface
layers and highlights the nonlinear nature of seismic damping in evolving sediment beds.

This monotonic inverse relationship highlights the critical role of deposition layer buildup in controlling seismic
response. More importantly, it demonstrates that ξ—originally introduced as an effective transmission parameter
—can now be physically linked to measurable sedimentary properties, providing a valuable parameterization for
future seismic modeling and inversion of subsurface conditions during debris‐flow sequences.

5. Discussion
Our findings point to a reframing of how seismic signals from debris‐flow surges should be interpreted,
particularly under multi‐surge conditions. Field observations at Jiangjia Ravine document a pronounced
decoupling between surge size and seismic amplitude as the flow sequence progresses. Contrary to the common
assumption that larger surges generate stronger ground motion at fixed sensors (e.g., Coviello et al., 2019), our
results consistently show that later larger surges often produce weaker seismic responses than earlier smaller ones.
This discrepancy is most apparent during Group 2 of the 28 July 2024 event, where we observed stronger signals
from thinner narrower surges early in the sequence compared to later larger surges (Figures 2–5).

This behavior is consistent with cyclic, surge‐scale structural transitions described in the erosion–deposition wave
(EDW) framework, which identifies alternating phases of basal arrest, temporary deposition, and remobilization
in shallow granular flows (Edwards & Gray, 2015; Rocha et al., 2019; Takagi et al., 2011). Recent field ob-
servations confirm that EDW‐like cycles occur within natural debris flows (Schöffl et al., 2023), and similar
processes have been documented at Jiangjia Ravine (Chen et al., 2024).

We attribute this phenomenon to the progressive accumulation and liquefaction of inter‐surge deposition layers,
which alter the mechanical properties of the channel bed. As these deposition layers grow in thickness and lose
structural integrity, they act as low‐stiffness substrates that attenuate vertical ground motion. This interpretation is
supported by both theoretical modeling and empirical evidence. Specifically, we extended the framework pro-
posed by Lai et al. (2018) by introducing an attenuation parameter (ξ) to represent the influence of basal layering
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on seismic wave transmission. The inclusion of ξ in the model substantially enhances the fit between predicted
and observed power spectral densities (Figure 7), thereby validating the role of evolving bed conditions in
controlling seismic energy generation at the source. Although ξ is not a dissipation parameter in a strict seis-
mological sense, its decrease under progressively liquefied bed conditions leads to a reduction in the predicted
seismic PSD through a lowering of the power‐law exponent in the adopted formulation. While the exponential
attenuation term becomes weaker as ξ decreases, this effect provides only limited compensation and is out-
weighed by the dominant reduction in the power‐law prefactor. Consequently, seismic amplitudes recorded at the
station decrease even when flow dynamics remain comparable, explaining the observed decoupling between
surge magnitude and seismic response during later stages of multi‐surge debris‐flow events.

In addition to modulating the generation of ground motion at the source, the evolving deposition layer affects the
propagation of seismic waves near the surface. The accumulation of a soft water‐rich substrate introduces
enhanced scattering and impedance contrasts along the shallow propagation path, thereby reducing the effective
transmission of high‐frequency seismic energy. In our formulation, these surge‐to‐surge propagation effects are
not interpreted as changes in the intrinsic quality factor Q, which is held fixed, but are instead captured in an
effective sense by variations in the parameter ξ, which controls the frequency‐dependent attenuation term in the
PSD model. This treatment enables robust relative comparisons among surges recorded at the same station
without requiring independent inversion of propagation parameters. In this sense, the basal layer acts not only as a
mechanical buffer that weakens source coupling but also as an evolving near‐surface filter that progressively
suppresses high‐frequency energy during wave propagation. Together, these effects provide a unified physical
explanation for the observed surge‐by‐surge reduction in seismic amplitudes and spectral content.

Unlike previous studies that focused on pre‐event or persistent surface deposits (e.g., Kean et al., 2015), our
results highlight the importance of transient, dynamically formed deposition layers that arise during debris‐flow
activity and correspond to the basal‐arrest phases described in EDW theory. These ephemeral beds are partic-
ularly prevalent in low‐gradient channels where flow velocity periodically declines, enabling temporary sediment
accumulation between surges. Such layers may be partially or entirely flushed post‐event, leaving little surface
trace yet exerting considerable influence during the event itself. Their cryptic nature has likely contributed to
underappreciation in past seismic analyses.

This attenuation mechanism has direct implications for seismic‐based debris‐flow warning systems. Many
existing systems rely on the assumption that larger surges reliably exceed a fixed detection threshold (Abancó
et al., 2014; Badoux et al., 2009). However, our results suggest that even high‐magnitude surges can yield weak
seismic signatures if preceded by extensive deposition, potentially leading to underestimation of hazard intensity
or missed detections during critical late‐stage flows. Adaptive detection thresholds that account for evolving bed
conditions—such as those inferred from ξ—may substantially improve monitoring accuracy.

Finally, the strong empirical relationship between ξ and both surge number (N) and normalized deposition
thickness (H∗) (Figure 8) offers a practical inversion tool for inferring subsurface evolution. This is especially
valuable in remote mountain settings where direct monitoring of bed material is infeasible. Such capability
supports the future development of physics‐informed seismic models that dynamically integrate subsurface state
variables for real‐time hazard interpretation.

6. Conclusions
This study demonstrates that inter‐surge deposition layers, particularly when liquefied, exert a dominant control
over ground motion generated by debris‐flow surges. Analyses of multi‐surge events at Jiangjia Ravine show that
the progressive development of liquefied inter‐surge deposition layers reduces seismic signals by weakening
source–bed coupling and enhancing near‐surface filtering of high‐frequency energy during propagation. To
quantify this effect, we introduce an effective transmission parameter (ξ) and incorporate it into an extended
version of Lai et al.’s (2018) theoretical model, which substantially improves the predictive accuracy of seismic
power spectra.

The empirical relationships among ξ, surge number N, and normalized deposition thickness (H∗) provide a
practical framework for non‐invasive inversion of channel‐bed state during debris‐flow events. These results
further indicate that seismic early‐warning systems may benefit from adaptive, state‐aware detection strategies;
accounting for ξ‐inferred bed evolution could reduce the risk of missed detections during late‐stage surges.
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