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Abstract

The 2008 Wenchuan earthquake triggered widespread coseismic landslides and
supplied large volumes of loose material on hillslopes and channels, resulting in
persistent post-earthquake debris flow activity near the epicentral area. Quantifying the
long-term evolution of this activity is important for geohazard assessment, but remains
challenge because debris flows are jointly controlled by sediment supply, topography,
and rainfall. In this study, a catchment-scale framework was developed to evaluate
debris flow activity intensity in 44 catchments affected by the Wenchuan earthquake.
Multi-temporal landslide inventories from 2008 to 2019 were used to calculate

landslide sediment supply potential (LSSP), which integrates landslide areal density,
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spatial distribution indices, and channel gradient. LSSP was then combined with
representative hourly rainfall intensities from documented debris flow triggering events
to derive a debris flow activity intensity index (Alpr). The results show that active
landslide area decreased from 122.05 km? in 2008 to 30.55 km? in 2019, while recovery
areas expanded progressively. LSSP increased sharply immediately after the earthquake
and then declined over time, with a rapid decrease during 2008-2011 followed by a
slower adjustment phase. Nevertheless, sediment supply in many catchments remained
above the pre-earthquake level in 2019. Alpr showed an overall decline after its post-
earthquake peak, although temporary increases occurred during major rainfall events.
Comparison with documented debris flow events indicates that Alpr captures the main
temporal pattern of observed activity. The fitted long-term trend suggests three stages
of post-earthquake debris flow activity: an active period from 2008 to 2013, a recession
period from 2013 to 2048, and a relatively stable period after 2048. These results
indicate that debris flow activity in the Wenchuan earthquake-affected area may persist
for several decades, mainly controlled by the gradual depletion and redistribution of
landslide-derived sediment under rainfall forcing.

Key words: LSSP; Debris flow activity intensity; Quantitative prediction; Long-
term evolution; Wenchuan earthquake
1. Introduction

Earthquake-triggered landslides and their subsequent transformation into debris

flows represent one of the most destructive cascading geohazard processes in
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mountainous regions worldwide. Large earthquakes can instantaneously generate
enormous volumes of loose, unconsolidated material, fundamentally alter hillslope-
channel systems and create highly unstable geomorphic conditions (Fan et al., 2019a;
Keefer, 1984; Parker et al., 2011). These materials are readily remobilized by rainfall,
frequently producing debris flows that pose long-lasting threats to downstream
communities, infrastructure, and ecosystems (Iverson, 1997; Takahashi, 1981; Tang et
al., 2012a). Compared with coseismic landslides, post-earthquake debris flows often
exhibit stronger temporal persistence and broader spatial impacts, making them a
critical component of multi-hazard chains in tectonically active regions (Utley et al.,
2025; Yang et al., 2023).

Globally, numerous catastrophic debris flow disasters have been documented
following major earthquakes, highlighting their significance. For example, after the
1999 Chi-Chi earthquake in Taiwan and the 2015 Gorkha earthquake in Nepal, intense
rainfall triggered widespread debris flows that caused severe casualties and
infrastructure damage (Kargel and Hudnut, 2016; Lin et al., 2006). Similarly, the 2008
Wenchuan earthquake in China triggered widespread landsliding, generating abundant
loose material that has played a critical role in subsequent debris flow activity (Xu et
al., 2014). These materials have since been repeatedly remobilized during rainfall
events, producing numerous catastrophic debris flows over more than a decade (Huang
and Li, 2014; Tang et al., 2019; Yang et al., 2017b). Importantly, field investigations

and remote sensing analyses indicate that more than 70% of coseismic debris may
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remain stored in the landscape for extended periods, sustaining high debris flow
susceptibility for decades (Fan et al., 2018; Zhang and Zhang, 2017).

The long-term evolution of debris flow activity in post-earthquake environments
is governed by complex interactions among three primary factors: (i) the availability
and spatial distribution of loose material, (ii) topographic conditions controlling
sediment transport efficiency, and (iii) rainfall characteristics that trigger debris flow
initiation (Iverson, 1997; Takahashi, 1981). In the years immediately following an
earthquake, abundant loose material and low rainfall thresholds typically lead to high
debris flow activity. Over time, processes such as material depletion, grain coarsening,
and vegetation recovery progressively modify these conditions, resulting in dynamic
changes in debris flow frequency and magnitude (Doménech et al., 2019; Huang, 2011).
Understanding how these factors co-evolve and jointly control debris flow activity is
therefore essential for long-term hazard assessment.

Previous studies have investigated post-earthquake geohazards from multiple
perspectives, including the temporal evolution of landslides (Fan et al., 2018; Shi et al.,
2021; Xiong et al., 2021), vegetation recovery processes (Shen et al., 2020; Yang et al.,
2020; Yang et al., 2017a), and rainfall thresholds for debris flow initiation (Cui et al.,
2010; Guo et al., 2017). Some studies have also examined the evolution of debris flow
activity using empirical or statistical approaches (Yang et al., 2023; Zhang et al., 2023).
Based on variations in the availability of loose material, previous studies have

suggested that the elevated occurrence of geohazards in the Wenchuan earthquake
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region may persist for approximately 20-25 years (Huang, 2011). Debris flow
formation processes have been investigated by integrating factors such as loose material,
micro-topography, and hydrological conditions (Cui et al., 2010). However, these
studies are primarily event-based or qualitative in nature and do not provide a
quantitative framework for evaluating the long-term evolution of debris flow activity
at the catchment scale.

Despite these advances, significant knowledge gaps remain. First, most existing
studies focus on individual controlling factors or limited combinations thereof, and few
attempts have been made to quantitatively integrate sediment supply, topography, and
rainfall within a unified framework (Cui et al., 2010; Guo et al., 2017; Li et al., 2018),
particularly in a manner that explicitly links sediment supply dynamics to long-term
debris-flow activity following large earthquakes. Second, current studies on post-
earthquake debris flow evolution are largely descriptive or empirical, lacking
quantitative models capable of predicting long-term variations in debris-flow activity
intensity at the catchment scale (Fan et al., 2018; Zhang et al., 2023). Third, the role of
landslide-derived sediment supply as a dynamic and spatially heterogeneous control on
debris-flow activity has not been fully quantified, particularly in terms of its interaction
with rainfall and topography (Fan et al., 2019b; Iverson, 1997).

To address these limitations, this study develops an integrated quantitative
framework to evaluate the long-term evolution of debris-flow activity in the Wenchuan

earthquake-affected area. By incorporating sediment supply, topography, and rainfall
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forcing, the framework enables assessment of debris-flow activity at the catchment
scale. The framework is then used to analyze the temporal evolution of landslide-
derived sediment, examine its spatial controls on debris flow initiation, and estimate
long-term variations in debris-flow activity intensity. This work provides a quantitative
basis for linking sediment-supply dynamics with debris-flow activity and may support
long-term hazard assessment in earthquake-affected mountain catchments.

2. Study area

The study area is located in the Wenchuan earthquake-affected region, Sichuan
Province, China, and comprises 44 catchments covering approximately 440 km? near
the earthquake epicenter (Fig. 1). Catchment areas range from 0.40 to 51.71 km?, with
relief ranging from 0.86 to 3.16 km (Table 1), while detailed information for individual
catchments is provided in Table S1. The terrain is characterized by rugged mountains
and deeply incised valleys, with elevations from 550 to 5600 m a.s.l., providing
favorable conditions for rapid runoff concentration and sediment transport.

The 2008 Mw 7.9 Wenchuan earthquake triggered more than 200,000 landslides,
generating abundant unconsolidated material that was subsequently stored on hillslopes
and within channels (Xu et al., 2014). Bedrock in the region is highly fractured and
strongly weathered, with well-developed fault systems (notably the Wenchuan—
Maowen and Yingxiu—Beichuan faults) and pervasive joints and bedding planes, which
further enhance slope instability and sediment availability (Fan et al., 2018; Tang et al.,

2011).



130 The study area is drained mainly by the Minjiang and Yuzixi rivers. The Minjiang
131  River originates in the northwestern mountainous region and forms part of the upper
132 Yangtze River system, whereas the Yuzixi River drains the southwestern part of the
133 study area near Wolong town (Fig. 1) (Fan et al., 2018). The study area has a subtropical
134  monsoon climate, with mean annual precipitation of approximately 1250 mm and a
135  mean annual temperature of about 13°C. Intense rainfall during the wet season is a key

136  trigger of debris flows (Tang et al., 2011).
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139 Table 1 Summary statistics of topographic metrics for debris flow catchments. Detailed values for
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individual catchments are provided in Table S1.

Parameter Min Max Mean

Area (km?) 0.4 51.71 10.10
Channel length (km) 1.17 14.18 4.83

Relief (km) 0.86 3.16 1.98
Channel gradient (%o) 209.52 759.33 496.53

3. Material and methods

To provide a clear overview of the methodological framework, Fig. 2 summarizes
the workflow adopted in this study. The approach integrates multi-temporal landslide
inventory mapping, sediment supply assessment, topographic analysis, and rainfall
forcing to evaluate the long-term evolution of debris-flow activity in the Wenchuan
earthquake-affected area. Sediment supply conditions are characterized using three
complementary aspects: the amount of available loose material, its spatial distribution
within the catchment, and the topographic potential for mobilization. These aspects are
represented by landslide areal density, spatial distribution indices, and channel gradient,
respectively. The derived sediment supply potential is then combined with rainfall
forcing to assess debris-flow activity intensity and its temporal evolution.

The framework highlights the coupling among sediment supply, topography, and
rainfall, and provides a quantitative basis for assessing long-term debris-flow activity

at the catchment scale.
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Fig. 2 Methodological framework for reconstructing landslide-derived sediment supply and
modelling the long-term evolution of debris-flow activity in the Wenchuan earthquake-affected area.

3.1. Data acquisition and preprocessing

Multi-temporal remote sensing images and aerial photographs, including Spot-5,
Worldview-2, ZY-1, GF-1, and Google Earth images, were collected to facilitate visual
interpretation and identification of landslides. A total of six images taken in 2008, 2011,
2012, 2013, 2015 and 2019 were selected for landslide inventory mapping from 2008
to 2019, considering factors such as resolution, cloud cover and date of acquisition
(Table 2). Additionally, the landslide inventories for 2005 and 2007, obtained from a

previous study (Fan et al., 2019), were incorporated to track pre-earthquake changes in
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landslide areas.

To ensure accurate and reliable mapping results, the acquired images underwent
geometric correction within the ENVI and ArcGIS platforms. A 10 m resolution Digital
Elevation Model (DEM) supplied by the State Key Laboratory of Geological Hazard
Prevention and Geoenvironmental Protection (SKLGP) was used in this process.
Ground control points (GCP) and the DEM were employed to correct the images to
mitigate the effects of topography, image distortion, and mismatches. The DEM also
facilitated delineation of catchment boundaries and extraction of essential terrain
characteristics, such as channels, elevation, and slope. Table 2 lists the detailed

information of these datasets.

Table 2 Data used in this research. The source, acquisition date and attributes of each layer

contained in the dataset.

Type Source Acquisition date ~ Resolution (m) Usage
UAV 2008.06 1
Spot-5 2008.07 2.5
Worldview-2 2011.04 1
Satellite Images generating
Spot 5 2012.04 2.5
image landslide inventories
ZY-102C 2013.02 5
GF-1 2015.04 2
Google earth 2019.10 1
DEM SKLGP 2010 10 Extracting catchment

10
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3.2. Multi-temporal landslide inventory

A pre-earthquake landslide inventory for the years 2005 and 2007, delineated by a
previous study, was used as a reference for pre-earthquake landslide conditions within
a short-term observation window. Although the available pre-event data are limited,
previous studies have indicated that landslide activity in the study area was relatively
low before the Wenchuan earthquake (Fan et al., 2019). Therefore, these inventories
provide a baseline for comparing the large post-earthquake changes rather than a
complete reconstruction of pre-earthquake debris-flow activity. After the Wenchuan
earthquake, 2008 imagery was used to delineate coseismic landslides, while images
from 2011, 2012, 2013, 2015 and 2019 were used to identify new landslides and assess
the remobilization of coseismic deposits.

The landslide-affected areas were classified into five categories based on visual
interpretation and comparison of multi-temporal remote sensing images: coseismic
landslides (CL), enlarged landslides (EL), new landslides (NL), dormant landslides
(DL), and recovery areas (RA) (Li et al., 2018; Shi et al., 2021). CL were mapped from
the 2008 post-earthquake imagery, whereas NL and EL were identified from subsequent
images as newly formed landslides and expansions of previously mapped landslides,
respectively. DL refers to landslides that remained identifiable but showed no obvious
renewed activity, while RA denotes previously mapped landslide areas that showed

surface recovery, such as reduced exposed material or vegetation regrowth, with no

11
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evident remobilization. In this study, “landslide” refers to slope failures involving the
downslope movement of rock, soil, or debris (Zhang and Zhang, 2017).

The inventories were derived from multi-temporal remote sensing images through
visual interpretation using consistent criteria. Where possible, higher-resolution
imagery was used to refine landslide boundaries, and multi-temporal images were
cross-checked to ensure consistency in identification and classification. Although
differences in image resolution may introduce some uncertainty, the analysis focuses
on catchment-scale patterns and temporal evolution, and the influence of local
delineation uncertainty is therefore considered limited.

3.3. Landslide sediment supply potential

To quantitatively represent sediment supply conditions relevant to debris flow
initiation, it is necessary to consider not only the amount of available material, but also
its spatial distribution and its mobilization potential. These aspects cannot be
adequately captured by a single metric. Therefore, this study adopts three
complementary indicators: landslide areal density to represent the magnitude of
sediment supply, spatial distribution indices to describe the positioning of loose
material within the catchment, and channel gradient to reflect the potential for material
mobilization.

3.3.1. Landslide areal density index

Landslide areal density (LAD) was used to represent the amount of landslide-

derived loose material available within each catchment. This indicator can be

12
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consistently derived from multi-temporal remote sensing images and provides a
catchment-scale measure of active sediment sources (Wu et al., 2012). For each
catchment, A, was calculated from the DEM-derived catchment polygon, while A,
was obtained by overlaying the landslide inventory with the catchment boundary and
summing the areas of CL, NL, EL, and DL. RA was excluded because it represents

recovered or inactive areas. LAD is calculated as follows:
LAD= e/, 1)

ca
where LAD is the landslide areal density, a dimensionless ratio; A, is the total area of
CL, NL, EL, and DL within the catchment (km?), and A is the area of catchment (km?).
3.3.2. Distribution index of landslides

While the amount of loose material is important, its spatial distribution within a
catchment also controls whether it can be mobilized into debris flows. Material located
close to the main channel or catchment outlet is more likely to be entrained during
rainfall events, whereas material distributed on distal hillslopes or at higher elevations
may remain less connected to the transport pathway (Fan et al., 2019b; Iverson, 1997,
Tang et al., 2012a). Here, the catchment outlet refers to the downstream exit point of
the catchment. For example, two catchments with similar landslide areas may exhibit
different debris flow responses if loose material is concentrated near the main channel
in one catchment but more widely dispersed in the other. Therefore, spatial distribution
indices are introduced to quantify the relative position of landslide-derived material

within the catchment.
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(1) Spatial distribution index

To quantify the elevation-related distribution of landslide-derived loose material,
the spatial distribution function T and spatial distribution index (SDI) were introduced
following Fan et al. (2012). The function T describes the relationship between landslide
area and relative elevation, whereas SDI summarizes this distribution into a single value.

They are defined as follows:

s=S/A )

T=hH 3)

T = T(s) (Te[0,1], s€[0,1]) 4)
SDI= fo 1T(s)ds (5)

where T is the relative elevation ratio, calculated as the elevation difference between a
given contour line and the lowest point of the catchment divided by the total catchment
relief (dimensionless); s is the cumulative landslide-area ratio, calculated as the area of
active landslides above the corresponding contour line divided by the total active
landslide area in the catchment (dimensionless); h is the relative elevation difference
between each contour and the lowest point in the catchment (m); H is the total
catchment relief, i.e., the elevation difference between the highest and lowest points of
the catchment (m); S is the area of active landslides above the corresponding contour
line (m?); A is the total area of active landslides in the catchment (m?). The SDI is
calculated by integrating T(s) with respect to s from 0 to 1, and is therefore

dimensionless. Unlike LAD, SDI does not quantify the amount of landslide area, but
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describes the elevation-related distribution of landslide-derived loose material within
the catchment.

The spatial distribution function reflects the relative distribution of loose material
with elevation. When loose material is uniformly distributed, the function follows
T=1-s. A gentler segment of the curve indicates concentration within the corresponding
elevation interval, whereas a steeper decline indicates sparse distribution (Fig. 3a). SDI
further indicates whether loose material is preferentially distributed at higher or lower
elevations. SDI = 0.5 indicates an even distribution across elevation intervals; SDI >
0.5 indicates a higher-elevation concentration; and SDI < 0.5 indicates a lower-
elevation concentration, where material is generally more connected to downstream
flow pathways and more likely to contribute to debris-flow activity (Fig. 3a).

(2) Relative spatial distribution index

In addition to elevation-related distribution, the distance of landslide-derived
material from the catchment outlet and main channel also affects its likelihood of
mobilization. Material located closer to these flow pathways is more readily delivered
to debris flows during rainfall events. Therefore, the relative spatial distribution
function F and relative spatial distribution index (RSDI) were introduced to quantify
the proximity of loose material to the catchment outlet and main channel (Fan et al.,
2012). They are defined as follows:

x=%/a (6)
F=ly ™
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F=F(x) (F&€][0,1],x€[0,1]) (8)
1

RSDI= fo F(x)dx €))
where F is the relative distance function (dimensionless), x is the cumulative landslide-
area ratio (dimensionless), 1 is the distance between the landslides and the outlet or main
channel in the catchment (m); L is the maximum distance of the catchment boundary
from the outlet or the main channel (m); a is the area of active landslides within the
corresponding distance interval from the catchment outlet or main channel (m?); A is

the total area of active landslides in the catchment (m?). RSDI is dimensionless.

The relative spatial distribution function describes the relationship between the
distribution of loose material and its distance from the catchment outlet or main channel.
When loose material is uniformly distributed relative to these reference features, the
function follows F(x)=x. A gentler segment of the curve indicates concentration within

the corresponding distance range, whereas a steeper variation indicates a more

dispersed distribution (Fig. 3b and Fig. 3c).
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Fig. 3 Spatial distribution functions (a) and relative spatial distribution functions (b and c) for
landslides within Chediguan catchment. T=1-s, indicating that active landslides are uniformly
distributed throughout the elevation interval; Fouter=x or Fcnannei=x, indicating that active landslides
distributed evenly relative to the outlet or main channel of catchment.

Unlike SDI, which describes elevation-related distribution, RSDI measures the
proximity of loose material to the catchment outlet or main channel. A larger RSDI
indicates that loose material is located closer to the main sediment-transfer pathway
and is therefore more likely to be mobilized into debris flows. A smaller RSDI indicates
weaker spatial connectivity to the outlet or main channel.

Buffer analysis was performed in ArcGIS using the catchment outlet and main
channel as reference features. A buffer interval of 100 m was adopted to balance spatial
resolution and mapping uncertainty. Smaller intervals may amplify errors associated

with landslide delineation, whereas larger intervals may obscure meaningful spatial

17



301  patterns (Fig. 4). MATLAB was then used to fit the distribution functions, and SDI and

302  RSDI were calculated according to Equations. (5) and (9).

Buffer lines
Landslides

303

304  Fig. 4 Spatial distribution of landslides in specific catchment. (a) spatial distribution of landslides,
305 (b) and (c) spatial distributions relative to the catchment outlet and main channel, respectively.
306 (3) Channel gradient index

307 Channel gradient (J) was used to represent the topographic potential for mobilizing
308 loose material. Steeper channels favor the conversion of potential energy to kinetic
309  energy and promote debris flow initiation (Zhou et al., 2019). J was calculated as the
310 ratio of catchment relief, defined as the elevation difference between the maximum
311  elevation and the fan apex, to the horizontal projection length of the main channel
312 (Ln)( Fig. 5).

313 In the study area, catchment relief ranges from 0.86 to 3.16 km, main channel

314  length from 1.17 to 14.18 km, and channel gradient from 209.52%o to 759.33%o (Table
18
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S1). These steep topographic conditions favor rapid runoff concentration and provide

suitable conditions for debris flow initiation.
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Fig. 5 Parameters measured in the debris flow catchments. Cited and modified from (Zhou et al.,
2019)

3.3.3. Model of landslide sediment supply potential

Debris flow occurrence depends on both intrinsic catchment conditions, such as
available loose material and steep terrain, and external triggering by rainfall. In this
study, landslide information is used as a proxy for sediment supply rather than as a
direct measure of debris-flow activity. Therefore, a LSSP model was constructed to
quantify the relative potential of each catchment to supply loose material. By
integrating LAD, SDI, RSDI, and channel gradient, the model captures the amount,
spatial accessibility, and topographic mobilization potential of sediment supply. LSSP

1s calculated as follows:

_ LAD*RSDI 16t *RSDIpannet *J
SDI

LSSP (10)

where RSDIoutlet and RSDIchanne represent the relative spatial distribution index of active

19
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landslides relative to the outlet and main channel of the catchment, respectively. LSSP
represents the relative landslide sediment supply potential of a catchment. Because
LAD, SDI, and RSDI are dimensionless indices and J is expressed as channel gradient
(%o), LSSP should be interpreted as a relative index rather than a direct measurement
of sediment volume.

3.4. Debris-flow activity intensity model

3.4.1. Precipitation index

Rainfall triggering of debris flows is commonly described using intensity—duration
(I-D) relationships, which account for both rainfall intensity and event duration (Chang
et al., 2021; Guzzetti et al., 2008). However, rainfall thresholds are not static after large
earthquakes because sediment supply, grain-size characteristics, and vegetation cover
evolve with time (Doménech et al., 2019). Abundant coseismic loose material can lower
rainfall thresholds and increase sensitivity to short-duration high-intensity rainfall.

Rather than deriving site-specific I-D thresholds, this study adopted representative
rainfall indices associated with documented debris flow events reported in previous
studies (Guo et al., 2017; Tan and Han, 1992; Yang et al., 2021). In Equation. (11), I
represents the hourly rainfall intensity of these documented triggering events, rather
than long-term mean rainfall. This simplified treatment allows rainfall forcing to be
incorporated consistently into the long-term catchment-scale analysis, while avoiding
event-scale prediction.

Several major rainfall events during the post-earthquake period, particularly those

20
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in 2013 and 2019, were considered as representative triggering cases. These events
were characterized by high short-duration rainfall intensities typical of debris flow
initiation in mountainous regions, and have been widely reported as key drivers of post-
earthquake debris-flow activity. For the long-term extrapolation, no future rainfall
scenario was imposed. The fitted trend is based on the calculated Alpr time series and
therefore represents the temporal evolution of debris-flow activity under the historical
triggering-rainfall framework, rather than a prediction of future event-specific rainfall
conditions.

3.4.2. Model of the intensity of debris-flow activity

To evaluate the long-term evolution of debris-flow activity intensity in the
earthquake-affected area, mean LSSP for each selected year was combined with
representative hourly rainfall intensity of documented debris flow triggering events.
The resulting debris-flow activity intensity index (Alpr) incorporates both intrinsic
sediment supply conditions and rainfall forcing. The model is formulated as follows:

Alpp=LSSP*I (1

where Alpr is the debris-flow activity intensity index, LSSP is the mean landslide
sediment supply potential for a given year, and I is the representative hourly rainfall
intensity associated with documented debris flow triggering events (mm/h). Alpr is
used as a relative index for temporal comparison rather than as a direct measure of
debris-flow magnitude.

3.5 Spatiotemporal analysis of debris-flow activity
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Based on the Alpr values derived from the multi-temporal datasets, the temporal
evolution of debris-flow activity was analyzed to identify post-earthquake trends. Time-
series fitting was then used to characterize the long-term decay pattern and to divide
the post-earthquake evolution into three stages: active, recession, and relatively stable
stages.

4. Results

4.1 Spatiotemporal distribution of landslides

Coseismic landslides were delineated from the 2008 post-earthquake remote
sensing images, and post-earthquake remobilized landslides were identified from
images acquired in 2011, 2012, 2013, 2015, and 2019 (Fig. 6). In 2008, 9847 coseismic
landslides were mapped in the study area, with a total area of 122.05 km?, accounting
for approximately 27.73% of the study area. The spatial distribution of active landslides
became more concentrated in the northern part of the study area during the post-
earthquake period (Fig. 6b—f). This pattern may be related to faster vegetation recovery
in the southern catchments, where precipitation is relatively higher than in the northern
part of the study area. Active landslides also tended to occur at relatively higher
elevations from 2008 to 2019, as illustrated by catchments DF06 and DF28 in Fig. 6.
This may indicate that loose material in lower hillslope and channel areas was
preferentially remobilized and transported out of the catchments during rainfall events

in the years following the earthquake (Shi et al., 2021).
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Fig. 6 Multitemporal landslide maps based on remote sensing scenes acquired in 2008 (after the
M&.0 earthquake), 2011 (after the 8.10 debris flow), 2012 and 2013 (after the 7.13 debris flow),
2015 and 2019 (after the 8.20 debris flow). CL, coseismic landslides; DL, dormant landslides; EL,
enlarged landslides; NL, new landslides; RA, recovery areas.

The temporal changes in landslide-affected area are summarized in Fig. 7. The
total landslide-affected areas in 2011, 2012, 2013, 2015, and 2019 were 148.64, 141.73,
146.22,136.01, and 134.26 km?, respectively. Although the total landslide-affected area

remained large, the active landslide area decreased markedly from 122.05 km? in 2008
23
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to 30.55 km? in 2019, accounting for only 6.94% of the study area. Meanwhile, recovery
areas expanded progressively, and the vegetation recovery rate on coseismic landslides
reached 84.97% by 2019 (Fig. 7). These changes indicate a gradual reduction in active
sediment sources after the Wenchuan earthquake, despite local remobilization during

major rainfall events.
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Fig. 7 Variation in landslide-affected area after the Wenchuan earthquake. CL, coseismic
landslides; DL, dormant landslides; NL, new landslides; EL, enlarged landslides; RA, recovery

areas. (Unit: km?).

4.2 Long-term changes in landslide debris supply

4.2.1 Change in landslide areal density

Landslide areal density (LAD) was calculated for each catchment from 2008 to
2019 using Equation. (1). As shown in Fig. 8, LAD ranged from 0 to 0.56, with the
highest values occurring in 2008 immediately after the Wenchuan earthquake. In

addition, the landslide areal density within the debris flow catchment tended to decrease
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415  after the Wenchuan earthquake, even though rainstorms hit in 2013 and 2019, and the
416  decrease was rapid during the first five years after the earthquake and then became more
417  gradual (as observed in Fig. 8 from 2008 to 2019). This pattern indicates a progressive
418  decline in landslide activity, probably associated with material consolidation and grain

419  coarsening over time (Domeénech et al., 2019).
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421 Fig. 8 Changes of landslide areal density over time
422 4.2.2 Spatial distribution characteristics of loose material
423 Fig. 9 presents the temporal changes in the spatial distribution parameters of

424 sediment supply in the study area, with the detailed values listed in Table S2. In 2008,
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most catchments had SDI values below 0.5, indicating that coseismic landslides were
mainly located below the median elevation of the catchments. After 2008, the SDI
values generally increased and remained close to 0.5, suggesting a gradual upward shift
in the distribution of active landslides during the post-earthquake period (Fig. 9c).
However, the temporal patterns varied among catchments: some showed an initial
increase followed by a decrease, whereas others exhibited a continuous increase. These
variations may reflect differences in local topography, sediment redistribution, and
rainfall-induced remobilization of landslide material (Fan et al., 2018).

The relative spatial distribution indices indicate a gradual reduction in the
connectivity between active landslides and the main sediment-transfer pathways.
Specifically, the RSDIouer values generally decreased from 2008 to 2019, indicating
that active landslides became progressively farther from the catchment outlet. By
contrast, RSDIchannet remained higher than RSDIouter throughout the observation period,
suggesting that loose material remained spatially closer to the main channel than to the
catchment outlet (Fig. 9b, ¢). These changes indicate a weakening connection between
active landslides and the catchment outlet, while part of the loose material remained
distributed near the main channel. Consequently, the delivery of loose material to debris
flow transport pathways was gradually reduced, contributing to the decline in debris-

flow activity.

26



444
445

446

447

0.8 4

b=
(o)}
1

=
N
1

Integral rel. to outlet (RSDI_;;,)
S
1

-0
oo
]

o
(3 )
1

S
=}

o I fors
(=) 00 {1
1 1 ]

o
N
I

Integral rel. to channel (RSDI .. .)
= =3 >
£ N oo
1 1 |

Distribution Integral (SDI)

e
o
I

T T T T T T T T T T T T
2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
Year

Fig. 9 Quantitative parameters of spatial distribution of sediment supply in study area. SDI denotes
the spatial distribution index; RSDIouier and RSDIchannel denote the relative spatial distribution

indices with respect to the catchment outlet and main channel, respectively. Detailed values are
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provided in Table S2.

4.2.3 Evolution of landslide sediment supply potential

In this study, LSSP was used to quantify the intrinsic potential of each catchment
to supply landslide-derived loose material to debris flow channels, rather than debris-
flow activity intensity itself. Higher LSSP values indicate greater sediment availability
and, under comparable triggering conditions, a higher predisposition to debris flow
initiation.

The temporal evolution of LSSP is shown in Fig. 10. Before the Wenchuan
earthquake, LSSP was low in most catchments, consistent with limited landslide
activity and relatively high vegetation cover reported before the earthquake (Fan et al.,
2019a; Yunus et al., 2020). Following the 2008 earthquake, LSSP increased sharply,
and the catchment-mean value reached its highest level in 2008, as shown by the red

line in Fig. 10. This increase reflects the widespread generation of coseismic landslide

deposits.
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Fig. 10 Evolution of the LSSP over time (x10-%)
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After 2008, LSSP decreased rapidly until 2011 and then declined more slowly
towards 2019. The mean trend indicates a two-stage decay pattern, with rapid early
depletion of readily mobilized material followed by a slower adjustment phase
associated with progressive slope stabilization and deposit consolidation. A slight
rebound in LSSP is observed around 2013, coinciding with a documented rainstorm
event. This response likely reflects the remobilization of previously deposited material
under intense rainfall forcing. In contrast, no comparable increase is evident around the
2019 rainfall event, suggesting that the available loose material had become more
limited by that time.

Individual catchments, shown by the grey lines in Fig. 10, display considerable
variability, reflecting spatial heterogeneity in post-earthquake sediment supply.
Nevertheless, most catchments show an overall decline in LSSP after 2008. Based on
the classification thresholds in Table 3, the catchment-mean LSSP shows a low—high—
medium sequence: a low level before the earthquake, a high level immediately after the
earthquake, and medium during the later post-earthquake period. This pattern indicates
that sediment supply remained higher than the pre-earthquake condition for several

years, but progressively weakened with time.

Table 3 Classification for the LSSP in strong earthquake zones (x10-%)

LSSP LSSP<1 1<LSSP<45 LSSP>45

Classification Low Medium High

Debris-flow activity should therefore be interpreted as the combined effect of
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sediment supply and external triggering, primarily rainfall. Although the supply
capacity of loose material declined after 2008, residual sediment remained available in
many catchments. Under heavy rainfall conditions, this remaining material may still
contribute to debris flow occurrence, consistent with observations of prolonged post-
earthquake geohazard activity in the Wenchuan earthquake-affected region (Francis et

al., 2022; Huang and Li, 2014; Yunus et al., 2020; Zhang et al., 2023).

4.3 Long-term evolution of debris-flow activity intensity

Alpr was calculated by combining the mean LSSP with representative hourly
rainfall intensities of documented debris-flow triggering events (Equation. 11; Table 4).
Although LSSP generally decreased after 2008, Alpr fluctuated because of variations
in rainfall forcing. Alpr remained higher than the pre-earthquake level throughout the
observation period. For example, the mean intensity of debris flow (Alpr) was 0.66 in
2019, compared with 0.08 before the earthquake (Table 4).

Based on previous studies and the calculated Alpr values, Alpr was classified as
low (Alpr <0.1), medium (0.1 < Alpr < 1.5), or high (Alpr > 1.5). During 20082013,
debris-flow activity intensity remained at medium to high levels. Alpr decreased from
2008 to 2012, but increased from 1.47 in 2012 to 1.76 in 2013, coinciding with a major
rainfall-triggered debris-flow event with an hourly rainfall intensity of 39.56 mm/h
(Table 4).
Table 4 The intensity of debris-flow activity pre- and post-earthquake, the data of

rainfall obtained from previous studies.
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Year LSSP I (mm/h) Alpr(relative index) Source of rainfall data

Pre-earthquake  0.001 60 0.08 (Tan and Han, 1992)
2008 0.158 18.2 2.88
2011 0.064 27.88 1.77
2012 0.040 36.41 1.47 (Guo et al., 2017)
2013 0.044 39.56 1.76
2015 0.030 20.53 0.62
2019 0.027 24.2 0.66 (Yang et al., 2021)

To quantify the post-earthquake evolution of debris-flow activity, Alpr was fitted
against time (Fig. 11). Before the Wenchuan earthquake, Alpr was low (0.08), which
was taken as the reference level. After 2008, Alpr increased sharply and then declined
over time. The fitted trend suggests three stages of post-earthquake debris-flow activity:
an active period from 2008 to 2013, a recession period from 2013 to 2048, and a
relatively stable period after 2048. The latter two stages are inferred from the fitted
trend and should be interpreted as a long-term tendency rather than a direct observation

or a prediction of future rainfall conditions.
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Fig. 11 Long-term evolution trend of debris-flow activity intensity in the study area. The green
and grey dots represent pre- and post-earthquake Alpr values calculated from mean LSSP and
representative hourly rainfall intensities of documented triggering events. The red curve shows the
fitted temporal trend of Alpr after the Wenchuan earthquake. The extrapolated part of the fitted
curve represents the long-term tendency of the calculated index and does not prescribe future
rainfall conditions. The horizontal dotted lines indicate the thresholds separating high, medium,

and low activity levels; the green dotted line indicates the pre-earthquake reference level.

4.4 Model validation using observed debris flow events

To evaluate the reliability of the proposed model, documented debris-flow events
after the Wenchuan earthquake were compiled from published datasets and field
investigations. According to Wang et al. (2022), 186 debris-flow events affecting 79
catchments were recorded between 2008 and 2020, with information on occurrence

time, deposition volume, and spatial extent. Several major rainfall-triggered events,
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particularly those in 2010, 2013, and 2019, were selected for comparison because they
have been widely reported and were characterized by large sediment volumes, long
runout distances, and substantial downstream impacts (Huang et al., 2016; Tang et al.,
2012b; Xiong et al., 2021; Yang et al., 2021).

Fig. 12 compares the Alpr with the annual number of recorded debris-flow events.
A positive correspondence is observed between the two series. Peaks in the observed
debris-flow record generally coincide with high Alpr values, particularly during the
major rainfall-triggered activity around 2010 and 2013. After 2013, both Alpr and
debris-flow frequency show an overall decreasing trend, indicating a gradual reduction
in debris-flow activity as loose material availability declined.

Although discrepancies occur in some years, such as 2011-2012, the overall
temporal patterns remain consistent. The model does not explicitly simulate event-scale
parameters such as deposition volume or runout distance, but it captures the main
temporal evolution of debris-flow activity at the catchment scale. This agreement
supports the use of Alpr as a proxy for assessing long-term post-earthquake debris-flow

activity (Iverson, 1997).
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Fig. 12 Temporal comparison between Alpr and observed debris flow frequency from 2008 to 2019
in the Wenchuan earthquake-affected area. The blue dashed line with circles represents Alpr, and
the red dashed line with circles represents the annual number of recorded debris-flow events. Major
rainfall-triggered debris-flow events are annotated.
5. Discussion

5.1 Advantages and applicability of the Alpr model

Debris-flow activity in earthquake-affected catchments is controlled by the
combined effects of sediment supply, topography, and rainfall (Takahashi, 1981; Tang
et al., 2011). Previous studies have provided important insights into these controls. For
example, rainfall intensity—duration models have been developed using regional debris-
flow records from the Wenchuan earthquake area (Yang et al., 2021), and long-term
changes in landslide sediment connectivity and channel sediment supply have been
examined using multi-temporal inventories (Xiong et al., 2021). However, these studies

generally emphasize individual controls or limited combinations of controls.
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The Alpr model proposed in this study integrates LSSP, channel gradient, and
representative hourly rainfall intensity into a single catchment-scale index. This
integration allows the temporal evolution of debris-flow activity to be evaluated in a
consistent framework. The model is not intended to predict the magnitude of individual
debris-flow events, but to provide a relative measure of long-term activity intensity
among different post-earthquake stages. This makes it useful for comparing catchments
and for identifying periods when debris-flow activity remains elevated after a strong
earthquake.

5.2 Long-term evolution of debris-flow activity

Compared with the extensive research on coseismic landslides and vegetation
recovery, the long-term evolution of post-earthquake debris-flow activity remains less
well constrained. Previous studies suggested that enhanced landslide activity after the
Wenchuan earthquake may last for about 10-20 years, based on landslide inventories
and vegetation recovery (Fan et al., 2018; Tang et al., 2016; Yang et al., 2018b; Yunus
et al., 2020). Other studies indicated that post-earthquake debris-flow activity may
persist for more than 20 years because of the long-term storage and remobilization of
coseismic sediment (Huang and Li, 2014; Zhang and Zhang, 2017; Xiong et al., 2021).

The results of this study support the view that debris-flow activity can remain
elevated for several decades after a large earthquake. The fitted Alpr trend shows a
rapid post-earthquake increase followed by a gradual decline, reflecting the progressive

depletion, redistribution, and stabilization of landslide-derived sediment. This long-
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term decline is consistent with reductions in active landslide area, decreasing LSSP, and
weakening connectivity between sediment sources and debris-flow transport pathways.
Nevertheless, the decline is not monotonic. Major rainfall events can temporarily
increase debris-flow activity by remobilizing residual loose material, as indicated by
the increase in Alpr around 2013.

The comparison between modeled Alpr and recorded debris-flow frequency
further suggests that the proposed index captures the main temporal pattern of post-
earthquake debris-flow activity. The agreement is strongest during major rainfall-
triggered periods, such as 2010 and 2013, when both abundant sediment availability
and intense rainfall contributed to high debris-flow activity (Fig. 12). Some
discrepancies between modeled and observed activity are expected because rainfall is
spatially variable and event records are incomplete. Therefore, Alpr should be
interpreted as a catchment-scale indicator of long-term activity tendency rather than an
event-scale prediction tool.

5.3 Limitations

Although the proposed framework provides a quantitative assessment of long-term
debris-flow activity, several limitations remain. First, rainfall forcing was represented
by representative hourly rainfall intensity, whereas cumulative rainfall, antecedent
rainfall, and rainfall duration can also influence debris-flow initiation. These factors
should be incorporated when more complete rainfall records become available. Second,

most rainfall data were obtained from stations near catchment outlets, which may not
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fully represent rainfall conditions in the actual initiation zones. Orographic variations
in rainfall may therefore introduce uncertainty into the estimated Alpr values. Third,
the model focuses mainly on landslide-derived sediment supply from hillslopes and
does not explicitly quantify sediment already stored within channels. As hillslope
deposits are progressively transferred into channels after the earthquake, channel
sediment storage and remobilization may become increasingly important. Finally,
model validation was based on documented debris-flow events rather than direct
simulation of event magnitude, such as volume, peak discharge, or runout distance.
Despite these limitations, the framework provides a practical basis for evaluating long-
term changes in debris-flow activity where continuous field measurements are limited.
6. Conclusions

The 2008 Wenchuan earthquake generated widespread coseismic landslides and
supplied large amounts of loose material on hillslopes and channels in the epicentral
area. In this study, a catchment-scale framework was developed to evaluate the long-
term evolution of debris-flow activity by integrating LSSP, topographic conditions, and
representative hourly rainfall intensity. The main conclusions are as follows:

(1) Multi-temporal landslide inventories show a clear reduction in active
sediment sources after the earthquake. The active landslide area decreased from 122.05
km?in 2008 to 30.55 km? in 2019, while recovery areas expanded progressively. During
the post-earthquake period, active landslides became more concentrated in the northern

part of the study area and tended to occur at relatively higher elevations. These changes
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indicate a gradual weakening of the connection between landslide-derived sediment and
debris-flow transport pathways.

(2) LSSP increased sharply immediately after the earthquake because of the
widespread generation of coseismic landslide deposits, and then declined over time.
The decline was rapid during 2008-2011 and became more gradual afterwards,
reflecting the depletion of readily mobilized material, progressive slope stabilization,
and deposit consolidation. Nevertheless, LSSP in many catchments remained higher
than the pre-earthquake level in 2019, indicating that residual loose material was still
available for debris-flow initiation under suitable rainfall conditions.

(3) The Alpr calculated by combining mean LSSP with representative hourly
rainfall intensity, captured the main temporal pattern of observed debris-flow activity.
Alpr decreased overall after its post-earthquake peak, although short-term increases
occurred during major rainfall events. The fitted long-term trend suggests three stages
of post-earthquake debris-flow activity: an active period from 2008 to 2013, a recession
period from 2013 to 2048, and a relatively stable period after 2048. The latter two stages
are inferred from the fitted trend and should be interpreted as a long-term tendency
rather than a prediction of future rainfall conditions.

Overall, the results indicate that debris-flow activity in the Wenchuan earthquake-
affected area may persist for several decades, mainly controlled by the gradual
depletion, redistribution, and stabilization of landslide-derived sediment under rainfall

forcing. The proposed framework provides a quantitative basis for assessing long-term
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debris-flow activity in earthquake-affected mountain catchments.
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Debris Flow  Debris Flow Area Channel Channel
Relief (km)

code name (km?)  length (km) gradient (%o)
DFO01 Chediguan 16.46 7.49 2.32 310.24
DF02 Chutou 21.68 8.63 2.88 333.92
DFO03 Dacaotou 5.61 4.05 1.60 395.16
DF04 Dashibao 0.40 1.51 1.10 728.06
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DF06 Fotangba 34.55 8.94 243 271.63
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819  Table S2 Quantitative parameters of the spatial distribution of sediment supply in the study area. SDI denotes the distribution integral of sediment supply; RSDI o and

820  RSDI c are used as abbreviations for RSDIoutlet and RSDIchannel, representing the distribution integrals relative to the catchment outlet and the main channel,

821  respectively.
822

Year

Gully code 2008 2011 2012 2013 2015 2019

SDI RSDI, RSDI. SDI RSDI, RSDI. SDI RSDI, RSDL. SDI RSDI, RSDI. SDI RSDI, RSDIL. SDI RSDI, RSDIc

DFO01 037 0.68 0.82 041 0.63 0.83 041 0.62 0.8 04 0.64 0.84 044 0.61 082 045 0.6 0.82

DF02 039 0.55 0.76 044 047 0.79 046 045 0.76 044 047 0.76 046 047 0.75 046 046 0.73

DFO03 033 0.73 0.63 044 0.63 048 049 0.56 045 046 0.64 045 046 0.65 044 0.64 033 0.94

DF04 036 0.7 0.9 041 0.65 0.76  0.58 0.47 0.86 047 0.57 0.61 056 049 0.76  0.56 0.49 0.76

DFO05 048 0.53 0.87 0.56 045 0.86 0.67 0.32 0.8 0.58 0.42 0.87 0.64 0.36 0.82 0.58 0.42 0.82

DF06 035 0.64 0.77 043 0.53 073 046 05 0.7 04 057 0.73 043 0.55 071 047 0.5l1 0.69
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