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Abstract: Strong earthquakes often bring amounts of loose material, disrupting the balance of
material transportation within a watershed and severely impacting the restoration of the ecological
environment and human safety downstream. Therefore, it is crucial to identify the frequency and
scale of these debris flow events, as well as to explore their long-term development and impact on
internal and external channels. Using multi-source remote sensing images from four perspectives,
hillslope, channel, accumulation fan, and their relationship with the mainstream, we reconstructed
a debris flow event dataset from 2008 to 2020, explored a method for identifying these events, and
analyzed their impacts on channels and accumulation fans in Mozi Gully affected by the Wenchuan
earthquake. Loose matter was predominantly found in areas proximate to the channel and at lower
elevations during debris flow events. Alterations in channel width, accumulation fans downstream,
and their potential to obstruct rivers proved to be vital for identifying the large scale of debris flow
event. Finally, we encapsulated the evolution patterns and constraints of post-earthquake debris
flows. Determination in frequency and scale could offer valuable supplementary data for scenario
hypothesis parameters in post-earthquake disaster engineering prevention and control.

Keywords: multi-source remote sensing images; loose materials; post-earthquake debris flow; channel
evolution; accumulation fan

1. Introduction

Earthquake, as an important sudden factor in surface shaping, raises erosion rates,
sediment transport, and deposition rates, which have a long-term impact on the evolu-
tion of the surface topography [1,2]. The distribution and quality of loose materials after
earthquakes are the main controlling factors for the long-term evolution of post-earthquake
effects [3–5]. The amount of co-seismic landslides disrupted the balance of solid material
supply in the basin, strengthening mass transportation [6,7]. Taking the Wenchuan earth-
quake as an example, the drilling data of the Zipingpu Reservoir [8] and the monitoring
data of hydrological stations in the Min River, Fu River, and Mianyuan River [9] proved it.
The frequent post-earthquake debris flows have brought huge property losses and casual-
ties in the earthquake area [10,11]. Exploring the long-term evolution of post-earthquake
debris flows has certain scientific guiding significance for reducing disaster losses, and the
risk of debris flows in earthquake-affected areas.

Current research on post-earthquake debris flows is relatively concentrated on two as-
pects. One is to explore the hydrological and dynamic debris flow formation in earthquake-
affected areas. It mainly focuses on a single debris flow event as the main research object
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and carries out post-earthquake debris flow initiation conditions by building a hydrological
dynamic model [12,13]. The other is to study the temporal differentiation of triggered
rainfall for debris flows during different post-earthquake periods and mainly aimed at
watersheds with good hydrological monitoring backgrounds [14–20]. Due to the limita-
tions of the available data, the current research on post-earthquake debris flows has mainly
focused on the hydrological and hydrodynamic processes of typical debris events in typical
watersheds. In addition, the research on the long-term evolution of post-earthquake debris
flows mainly relies on analyzing the evolution of single gully debris flows through several
specific cluster debris flow events [21,22], resulting in relatively insufficient investigation
efforts for single gully debris flow events. Under the nonuniform spatial and temporal
development of post-earthquake debris flows [23,24], it is very important to use publicly
available data to research the development patterns of different-scale debris flows after
earthquakes.

Debris flow is the external force with a strong impact force that mainly adjusts the
channel morphology after the earthquake [25]. According to the study of the balance state,
with the change in sediment inflow conditions in the watershed, the channel will consume
the impact of changes in external conditions through a series of channel shape adjustments.
Channel shape adjustments mainly include the widening and uplift of the channel in the
transverse aspect, the occurrence of knick points in the longitudinal aspect, and the change
in curvature in the plane [26,27]. Debris flow will inevitably lead to dramatic changes in the
channel, such as forming a steep-pool riverbed structure [28,29] and a significantly widened
channel and accumulation fan [30]. Therefore, the widening of the channel and growth
of accumulation fans can be selected to identify debris flow events and help establish the
long-term evolution sequence of post-earthquake debris flow.

This study focused on a representative watershed that experienced long-term debris
flow development following the Wenchuan earthquake. Multi-source remote sensing im-
ages, including satellite images and drone images in different post-earthquake periods, were
collected to identify debris flow events, and the development patterns of post-earthquake
debris flow are conclusively derived. The objectives of this study were as follows: (1) to
propose a framework and methodology for identifying post-earthquake debris flow events
using publicly accessible remote sensing data as the primary source; (2) to establish a
database of long-term post-earthquake debris flow, using Mozi Gully as a case study, and
to identify the characteristics of post-earthquake debris flow, including its evolution, posi-
tional characteristics, and impact on the channel; and (3) to provide an evolution pattern in
post-earthquake debris flows associated with channel characteristics.

2. Materials and Methods
2.1. Study Area

The Mozi Gully is located in Wenchuan County, Sichuan Province, China, with a total
area of approximately 7.19 km2 (103◦29′02.40′′E, 31◦9′09.72′′N). It belongs to the right bank
of the upper reaches of Min River with an approximately west–east orientation (Figure 1a,b).
Moreover, the longest flow length is about 5.5 km, and the relative height difference is
2550 m with an average longitudinal gradient of approximately 372‰ (Figure 1c). The
lithology mainly comprises Proterozoic medium-grained granite intrusive rocks with
strong weathering resistance. Mozi Gully is between the Beichuan–Yingxiu Fault and the
Maoxian–Wenchuan Fault.

The study area is in the mountainous subtropical humid monsoon climate zone,
controlled by the Pacific warm high in summer and the prevailing northwest plateau dry air
in winter [31,32]. The climate of the study area is generally hot and humid rain in summer
with serious continuous rain in autumn, and the annual difference in temperature is small.
According to the data from the Yingxiu precipitation station, the average precipitation in
Mozi Gully can reach 1253 mm per year, and the rainfall from July to September accounts
for 57.9% of the annual rainfall [31,32].



Remote Sens. 2024, 16, 3336 3 of 19Remote Sens. 2024, 16, x FOR PEER REVIEW 3 of 19 
 

 

 
Figure 1. Location of Mozi Gully, where (a) shows the location of Mozi Gully in Wenchuan, Sichuan, 
China as the yellow rectangle; (b) shows the detailed information of Mozi Gully and the relationship 
between Mozi Gully and Min River; (c) shows the topographic relief, channel profile, and the de-
tailed display of local characteristics in Mozi Gully. 
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According to the data from the Yingxiu precipitation station, the average precipitation in 
Mozi Gully can reach 1253 mm per year, and the rainfall from July to September accounts 
for 57.9% of the annual rainfall [31,32]. 

The distance from the study area to the epicenter of the 2008 Mw7.9 Wenchuan earth-
quake is about 9 km (Figure 1). And according to the Wenchuan 8.0 Earthquake Intensity 
Distribution Map generated by the China Seismological Bureau 
(https://www.cea.gov.cn/cea/xwzx/xydt/5219388/index.html, accessed on 9 February 
2023), Mozi Gully is located in the XI intensity zone of the Wenchuan earthquake (Figure 
1a). Mozi Gully was more seriously affected by the earthquake, with about 3.66 km2 of co-
seismic loose material occupying about 50.96% of the watershed area [33,34]. Since the 
2008 Wenchuan earthquake, strong material transport events such as debris flow and flash 
floods in the study area have been frequent [4,11], and there is a gradual activation of loose 
material recharge within the watershed under strong rainfall conditions after the earth-
quake [1,23,24,34]. This situation led to relatively high debris flow activity in Mozi Gully 
for a long time after the earthquake. On 20 August 2019, under the action of 24.2 mm/h 

Figure 1. Location of Mozi Gully, where (a) shows the location of Mozi Gully in Wenchuan, Sichuan,
China as the yellow rectangle; (b) shows the detailed information of Mozi Gully and the relationship
between Mozi Gully and Min River; (c) shows the topographic relief, channel profile, and the detailed
display of local characteristics in Mozi Gully.

The distance from the study area to the epicenter of the 2008 Mw 7.9 Wenchuan
earthquake is about 9 km (Figure 1). And according to the Wenchuan 8.0 Earthquake
Intensity Distribution Map generated by the China Seismological Bureau (https://www.
cea.gov.cn/cea/xwzx/xydt/5219388/index.html, accessed on 9 February 2023), Mozi Gully
is located in the XI intensity zone of the Wenchuan earthquake (Figure 1a). Mozi Gully was
more seriously affected by the earthquake, with about 3.66 km2 of co-seismic loose material
occupying about 50.96% of the watershed area [33,34]. Since the 2008 Wenchuan earthquake,
strong material transport events such as debris flow and flash floods in the study area have
been frequent [4,11], and there is a gradual activation of loose material recharge within the
watershed under strong rainfall conditions after the earthquake [1,23,24,34]. This situation
led to relatively high debris flow activity in Mozi Gully for a long time after the earthquake.
On 20 August 2019, under the action of 24.2 mm/h triggered rainfall, a debris flow broke
out in Mozi Gully, bringing about drastic changes in the channel and accumulation fan.

2.2. Data Sources
2.2.1. Satellite Remote Sensing Images

Due to the lack of information on the detailed description of the disaster events in Mozi
Gully, long-term and continuous satellite remote sensing data with different resolutions
from 2 m to 30 m were used to analyze the post-earthquake material transport events from

https://www.cea.gov.cn/cea/xwzx/xydt/5219388/index.html
https://www.cea.gov.cn/cea/xwzx/xydt/5219388/index.html
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2008 to 2019, including Landsat series images, Sentinel 2, and GF 1. Landsat series images
were used to analyze changes in the loose materials, and Sentinel 2 and GF 1 were used
to verify the results (Table 1). The acquisition of these several satellite remote sensing
images included two main data sources. Among them, Sentinel 2 data from 2017 to 2020
were obtained from the Copernicus Open Access Hub by European Space Agency (ESA)
(https://browser.dataspace.copernicus.eu, accessed on 7 August 2024), and Landsat series
data from 2007 to 2020 (including Landsat 5, 7, 8) were obtained from the open-source Earth
observation dataset (Earthdata) by National Aeronautics and Space Administration (NASA)
(https://search.earthdata.nasa.gov, accessed on 7 August 2024). And the GF 1 from 2013 to
2016 applied from the Sichuan Province National Defense Science and Technology Industry
Office. In addition, two commercial satellite images purchased by the Institute of Mountain
Hazards and Environment (IMHE), CAS, were also used in this research.

Table 1. Information of the remote sensing images used for Mozi Gully.

Type Date Platform Date Platform Source

Satellite Remote
Sensing images

Landsat

19 April 2007 Landsat 7 18 July 2008 Landsat 5

NASA (https://search.
earthdata.nasa.gov,

accessed on 7 August 2024)

3 June 2009 Landsat 5 18 March 2010 Landsat 5
24 November 2011 Landsat 7 18 May 2012 Landsat 7

21 May 2013 Landsat 7 1 June 2014 Landsat 8
1 April 2015 Landsat 8 13 November 2016 Landsat 8
8 May 2017 Landsat 8 9 April 2018 Landsat 8
1 July 2019 Landsat 8 9 May 2020 Landsat 8

Sentinel

19 February 2017 Sentinel 2 11 December 2017 Sentinel 2 ESA (https://browser.
dataspace.copernicus.eu,

accessed on 7 August 2024)

15 May 2018 Sentinel 2 1 November 2018 Sentinel 2
25 April 2019 Sentinel 2 27 September 2019 Sentinel 2

19 February 2020 Sentinel 2 27 August 2020 Sentinel 2

GF
27 May 2013 GF 1 31 July 2013 GF 1 Sichuan Province National

Defense Science and
Technology Industry Office

2 December 2014 GF 1 5 August 2015 GF 1
26 February 2016 GF 1

Commercial 3 June 2008 Quickbird 21 December 2010 IKONOS IMHE

Unmanned Aerial
Vehicle Images

7 June 2019 DJI UAV 23 August 2019 DJI UAV
Field work9 May 2020 DJI UAV 6 September 2020 DJI UAV

2.2.2. High-Precision Images Obtained by Unmanned Aerial Vehicle (UAV)

The high-precision images obtained by DJI UAV are mainly used to monitor the
changes in loose materials in channels and hillslopes before and after the flood season in
2019 and 2020. Influenced by local rainfall and other factors, UAV images taken on 7 June
2019, 23 August 2019, 9 May 2020, and 6 September 2020, were collected.

2.3. Methods

In this study, the aim was to construct a database of post-earthquake debris flow
events and analyze the evolution patterns from the perspectives of hillslope, channel, and
accumulation fans, using remote sensing images of different resolutions and previous
studies (Figure 2).

2.3.1. Multi-Temporal Inventory of Landslides

In this study, the landslide database mainly included slides, slope debris flow and
channel deposits, which were mainly used to analyze the changes in the sources of loose
materials for the formation of debris flows. Loose material provided by landslides is one of
the important controlling factors for the development of debris flows. The construction
of the landslide database in this study is mainly based on existing landslide databases
to supplement the long-term distribution of landslides. The database is mainly based on
the landslide distribution data of 2007, 2008, 2011, 2013, 2015, 2017, and 2018 interpreted
by Fan et al. [34] using high-resolution aerial and satellite images. For the continuity of
the landslide dataset, Landsat images were used to supplement the missing landslide
distribution in Fan’s dataset [34] from 2007 to 2020.

https://browser.dataspace.copernicus.eu
https://search.earthdata.nasa.gov
https://search.earthdata.nasa.gov
https://search.earthdata.nasa.gov
https://browser.dataspace.copernicus.eu
https://browser.dataspace.copernicus.eu
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Figure 2. Flowchart for building a debris flow event database using multi-source remote sensing
data.

The normalized difference vegetation index (NDVI) is one of the most popular meth-
ods for indicating the patio-temporal evolution of post-seismic landslides [35–39]. In this
study, the values of NDVI for 14 Landsat images were calculated first. Then, the image
differencing method was adopted to extract the general boundary of landslides in differ-
ent periods [36,37]. In addition, the extracted landslides were verified with the ancillary
data, such as the field surveys, aerial photos, and previous database of post-earthquake
land-slides [33,34]. NDVI can be obtained using the following formula.

NDVI =
NIR − RED
NIR + RED

(1)

NIR is the reflectance radiated in the near-infrared wave band, and RED is the re-
flectance radiated in the visible red waveband of the satellite radiometer. To eliminate the
influence of clouds, atmosphere, and mountain shadows, preprocessing procedures for
Landsat series images, such as radiometric calibration, atmospheric correction, and so on,
were performed by ENVI.

2.3.2. Inventory of Post-Earthquake Debris Flow in Mozi Gully

Since the balance of loose materials in Mozi Gully was disrupted after the 2008
Wenchuan earthquake, this watershed has suffered from the strong transportation process
of loose material for a long time. Some debris flow events were collected from the previous
study [23,24,34]. Due to the lack of information on the detailed description of the disaster
events in Mozi Gully, satellite remote sensing images taken by Sentinel 2 and GF 1 were
used to identify the post-earthquake debris flows and their effects on the channel from 2008
to 2019 in this study. The identification is based on obtaining the change in width along the
channel and the deformation of the accumulation fan.
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The extraction of channel width is mainly performed automatically based on the
bank boundaries of different periods. First, determine the boundaries of the banks and
streamlines by visual interpretation of the remote sensing data (Figures S1 and S2). Then,
the method of extracting the cross-section along the streamline mainly refers to extracting
the vertical line in the line segment. The interception of streamlined segments is mainly
based on the needs of the research and is cut continuously from upstream to downstream
at fixed intervals, which are set as 10 m in this study. Furthermore, the vertical line length
was set as the maximum channel width in Mozi Gully, including the accumulation fan,
which was set as 300 m in this study. Finally, the length of the vertical line of the streamline
was limited by the bank boundary (Figures S1 and S3) and was clipped by the boundary.
All the above operations on the extraction of channel width were mainly implemented in
batches through two Python toolkits, ArcPy, and OSGeo. In addition, the shape changes
in the accumulation fan were also mainly extracted through visual interpretation. At the
same time, the river width extraction algorithm was used to obtain the change in the width
and length of the accumulation fan.

2.3.3. High-Precision UAV Images Acquiring and Processing

Orthophoto images and topographic images by unmanned aerial vehicle (UAV) were
conducted across the study region on 7 June 2019, 24 August 2019, 9 May 2020, and
6 September 2020, for a detailed analysis of the channel and accumulation fan changes.
A UAV (DJI quadcopter) was used to obtain multiple aerial photographs of the study
reach at 5 s intervals to ensure sufficient spatial coverage and a minimum 80% image
overlap [40–43]. Flights were at a low uniform height (~300 m above the surface) to generate
high-resolution (about 0.1 m) imagery. Overlapping images were mosaicked together
using Agisoft Metashape Version 1.5.2 with Structure from Motion (SfM) photogrammetry,
where rasterized three-dimensional representations are constructed from two-dimensional
images [44,45].

3. Results
3.1. Long-Term Evolution and Positional Characteristics of Loose Materials after the Earthquake

The spatial distribution of loose materials at various post-earthquake periods (Figure 3)
reveals that the earthquake generated a significant amount of these materials, which
remained in a relatively high state for an extended period, constituting over 39.2%. To
examine the distribution characteristics of these materials across different periods, we
obtained data on the elevation (E), slope (S), and distance from the channel (DC) of the
landslides. Our findings indicate a clear consistency in the functional relationship between
location characteristics and the cumulative percentage of loose material (CPLM) at different
intervals following the earthquake (Figure 4).

The relationship between DC and CPLM for the distance from the channel was charac-
terized by a convex shape, which can be represented as a third-order polynomial function
(Figure 4a, Table S1). The growth rate of this relationship remained relatively stable with
increasing DC. The maximum slope of CPLM in relation to DC variation across different
years was observed at a DC value of zero. This maximum slope exhibited a fluctuating
pattern, ranging from 0.5916 to 1.4270 (Table S1). Notably, the maximum slope was recorded
in 2011, coinciding with a significant debris flow event. This suggests that the debris flow
from 2011 transported a substantial loose material into the channel, leading to the highest
recorded value of CPLM in relation to DC for that year. Additionally, the proportion of
loose material located within a distance of less than 0.5 km from the channel increased
from 46% to 62%, representing the most significant change across different DC values
(Figure 4a). The maximum value was observed in 2011, while the minimum was noted in
2008. This pattern indicates that during the initial phases of the earthquake, landslides were
predominantly located further away from the channel. However, as the event progressed,
debris flows prompted these landslides to descend closer to the channel.
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Figure 3. Distribution of the landslide of different post-earthquake periods in Mozi Gully. (a–n) shows
the distribution of landslides from 2007 to 2020 in Mozi Gully.

The relationship between the S and CPLM primarily adheres to a logistic function,
exhibiting a distinct S-shape (Figure 4b, Table S1). This indicated that the growth rate of
CPLM is the most rapid at the gentle and middle slope position, with a radian approx-
imately equal to 0.76. Conversely, the growth rate is comparatively slower on steeper
slopes. The variations in this relationship across different years are not significant, with the
maximum growth rate predominantly around 4.02.

The functional relationship between the elevation (E) and CPLM exhibited a distinct
pattern from the other two features. These relationships can be characterized by two
breakpoints, forming a three-segment functional relationship (Figure 4c, Table S1). A
linear function can fit the segments 0–1593 m and 1594–2814 m, but the slope of these two
functions varies significantly. The slope from 1594 m to 2814 m is larger than that from
0 m to 1593 m, indicating a more rapid increase in landslide area within this elevation
range. In addition, when the elevation exceeds 2815 m, the growth of CPLM primarily
follows a logarithmic function. After reaching its maximum height, the growth rate of
CPLM gradually decreases. In the elevation ranges of 0 m to 1513 m and above 2815 m,
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the maximum slope of CPLM with elevation in different years occurred in 2011 (Table S1).
This indicates that the distribution of loose materials was relatively high in this interval in
2011, aligning with the results of the relationship between CPLM and DC. The variation in
CPLM across different years is more significant in the range of 1514 m to 2813 m, indicating
that the distribution of loose materials at this height is complex and subject to migration in
different years.
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Figure 4. Distribution and development of the loose materials located in hillslopes of different post-
earthquake periods in Mozi Gully. There is the relationship between the CPLM and the distribution
of loose materials, including the distance from channel (DC, (a)), slope (S, (b)), and elevation (E, (c)).
Some typical cumulative ratios were selected to analyze the annual changes in landslide locations,
which are shown in (d–f).

The positional characteristic values associated with several key proportions of the
CPLM were analyzed to examine annual changes in landslide positions. These proportions
primarily included 50%, 60%, 75%, 80%, 90%, and 95% (Figure 4d–f). The DC and E
corresponding to these selected key proportions exhibited significant variations across
different years, while S remained relatively stable. Notably, the distribution of landslides
underwent substantial alterations due to two large-scale debris flows in 2011 and 2019,
with a closer proximity to the channel and the lower elevation. Specifically, in 2011, 95% of
the loose material was located within a 1 km radius from the channel and at an elevation
below 3120 m.

3.2. Channel Evolution Affected by Post-Earthquake Debris Flow Events Based on
Medium-Resolution Images

The Mozi Gully precipitated numerous debris flow events that significantly altered
the post-earthquake channel. Prior to the Wenchuan earthquake, the channel of Mozi
Gully basin was characterized by its narrow and steep nature, with a width of less than
30 m (Figure S4). However, the prolonged post-earthquake debris flows induced drastic
evolution in the channel, resulting in a widened channel and variable flow path. The
changes in channel width were obtained from different periods using available Sentinel 2
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and GF 1 data (Figure 5a). The analysis of the channel width changes across different post-
earthquake periods revealed that the Mozi Gully’s channel remained consistent, and the
accumulation fan was not prominent before the Wenchuan earthquake (Figures S2 and S4).
However, following heavy rainfall after the earthquake, numerous debris flow events grad-
ually transported loose materials from the upstream hillslope upstream to the downstream.
This resulted in a widening of the channel and a significant growth of the accumulation
fan. The changes in the width of the channel and the maximum width of the accumulation
fan have clearly preserved some traces of debris flow.
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Utilizing 14 medium–high resolution satellite remote sensing images, we determined
the width of the channel and accumulation fan at the corresponding times. These data
allowed us to identify the time periods for the development of eight debris flows, as
evidenced by the widening of the channel (Figure 5b). For instance, the widening of channel
by the debris flow event on 20 August 2019 resulted in a maximum channel widening of
approximately 50 m, a significant increase from four months prior. Furthermore, three
large-scale debris flows were identified through notable widening and extension of the
accumulation fan, specifically from 31 July 2013 to 2 December 2014, 2 December 2014 to
5 August 2015, and 25 April 2019 to 27 September 2019 (Figure 5b). Notably, the debris
flow on 20 August 2019 expanded the width of the accumulation fan by approximately
250 m and pushed it approximately 60 m towards the opposite bank of the river, leading to
the complete blockage of the Min River.

Moreover, the Min River’s pronounced scouring effect on the accumulation fan renders
it challenging to ascertain the scale of debris flows through these fans for five recorded
events. This difficulty extended to identifying small-scale debris flows. Notably, an
examination of the maximum width of the accumulation fan reveals that a significant
debris flow occurred in 2013 (Figure 5c). Nonetheless, due to the Min River’s erosion, this
particular debris flow event remains undetectable based on alterations in the accumulation
fan’s width.
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3.3. Identifying Debris Flow Events of Different Scales Based on High-Precision Images

Small-scale debris flow might not bring significant changes in channel width and the
growth of accumulation fans, high-precision images taken by UAV with elevation could
quantitatively analyze the impact of debris flows on channel erosion and accumulation
from the aspect of cross-section and longitudinal profile. This study focused on debris flow
events that occurred on 20 August 2019 and 2020, with UAV images captured on 7 June
2019, 24 August 2019, 9 May 2020, and 6 September 2020. These two debris flow events
were at different scales. The debris flow that occurred on 20 August 2019, was large in
scale, with its impacts primarily manifested in the expansion of the channel, migration of
the flow path, growth of the accumulation fan, and complete river blockage (Figure 6). In
contrast, the debris flow during the flood season of 2020 was relatively small in scale, with
its impact mainly reflected in the expansion of the channel and incomplete river blockage
event. Under the influence of the debris flow accumulation fan in 2020, the flow velocity of
the Min River decreased, and a noticeable river center beach was formed (Figure 7).
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Figure 6. Characteristics of the channel before and after debris flow occurred on 20 August 2019.
(a) This image was taken on 7 June 2019, by UAV; (b) this image was taken on 24 August 2019; (c) and
(d) were the profile of A-A’ and B-B’ in a, respectively.

Since the debris flow incident on 20 August 2019, significant alterations were ob-
served in the downstream channel of Mozi Gully. Firstly, there has been a notable shift
in the flow path on the accumulation fan and the angle at which it enters the Min River
(Figure 6a,b). Prior to the debris flow event, the upper channel of the accumulation fan ex-
hibited characteristics of a braided channel. However, the channel predominantly followed
a mainstream line without any discernible migration patterns and vertically entered the
Min River. Analysis of UAV images taken on 24 August 2019 reveals multiple distinct flow
paths on the accumulation fan. One such path emerged as the primary flood discharge
channel following the debris flow. The diverted river then enters the Min River at a specific
angle at the origin of the accumulation fan. Secondly, there has been a marked widening of
the channel, leading to substantial damage to both vegetation and rudimentary structures
flanking it (Figure 6a,b). Thirdly, longitudinal section analysis indicates that this debris
flow extended the accumulation fan by 50 m to 100 m towards the Min River, with its
maximum thickness reaching approximately 15 m (Figure 6c,d). This expansion of the
accumulation fan notably constricted the main channel of the Min River, resulting in beach
erosion along its course (Figure 6c, A-A′). Additionally, it is evident that the growth in the
accumulation fan has altered the curvature of the Min River at its mouth in Mozi Gully.
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Consequently, the riverbank adjacent to the gully’s opening has transitioned into a concave
bank of the Min River. This transformation exacerbates bank erosion due to hydrodynamic
effects (Figure 6c, B-B′).
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Figure 7. Characteristics of the channel before and after debris flow occurred on 2020. The images used
in (a,d) were taken by UAV on 9 May 2020 and the images used in (b,e) were taken on 6 September
2020. (c,f) are the profile of A-A’ and B-B’, respectively.

The debris flow in 2020 was relatively minor, making its impact on channel width
difficult to discern (Figure 7a,b). However, there was a significant alteration in the shape of
the accumulation fan (Figure 7d,e). Upon extracting cross-sections, it was observed that
erosion and deposition had occurred at varying locations along the channel (Figure 7c,f).
Overall, the debris flow’s impact in 2020 was primarily characterized by erosion. Con-
currently, refined UAV images revealed a pronounced river center beach in the location
towards the upstream of the Min River from the gully mouth of Mozi Gully. This suggests
that an accumulation fan had formed in this area due to the debris flow’s influence. This
accumulation fan subsequently slowed the flow velocity of the Min River, ultimately lead-
ing to the formation of the river center beach. This finding could provide a novel approach
for identifying future debris flow events.

3.4. Catalogues of Debris Flow Events in Mozi Gully Associated with Min River

Post-earthquake debris flow events in Mozi Gully were systematically categorized
based on field surveys, the existing literature, and the analysis of width changes across
various periods. Given the data’s comprehensiveness and the distinct characteristics of
these debris flow, over ten events post-Wenchuan were classified into three categories
(Table 2). The first category comprises large-scale debris flow that significantly obstructed
the Min River. Due to their considerable impact and ease of data collection, several studies
have extensively examined these events, including those on 14 July 2008 [31], 14 August
2010 [46], 10 July 2013 [47], and 20 August 2019 [48]. The second category consists of
medium-scale debris flows that compressed the Min River channel but did not block it
entirely. These accumulation fans are challenging to preserve due to the river’s scouring
action, resulting in an incomplete accumulation fan and a widened channel as discernible
through remote sensing interpretation. The third category encompasses small-scale debris
flows obtained from the villagers. It is worth mentioning that there were no recorded
watershed debris flow events in Mozi Gully from 2021 to 2023 (Table S2, Figure S4).
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Table 2. History of the debris flow in the Mozi Gully.

Date Description of Debris Flow Event Source

14 July 2008 Accumulation fan of this debris flow event blocked Min River for 15 min [31]
21 July 2008 *1 [31,34]

6 August 2008 *1 [31,34]
21 August 2008 *1 [31,34]

24 September 2008 *1 [31,34]
2009 *3 -

14 August 2010
The maximum length, maximum width, the average deposit thickness, the mean surface
gradient, and the volume of accumulation fan in this debris flow event were about 230 m,

270 m, 6.3 m, 15 ◦, and 158,000 m3, respectively.
[46]

2011 *3 -

10 July 2013

The material washed out by one-time debris flow reaches 420,000 m3, which blocked Min
River nearly 100 m long. And the maximum length, the maximum width, the average

deposit thickness, the mean surface gradient and the volume of accumulation fan were
about 240 m, 200 m, 2.5 m, 8◦, and 37,000 m3, respectively.

[47]

2015 Debris flow occurred before 5 August 2015, which identified by GF 1; *2 -
2017 Debris flow occurred between 19 February 2017 and 11 December 2017 by Sentinel 2; *2 -
2018 Debris flow occurred between 15 May 2018 and 1 November 2018 by Sentinel 2; *2 -

20 August 2019
The accumulation fan caused the upstream hydropower station to be flooded and the

subgrade on the opposite side to be seriously eroded, causing the road on the opposite
side to be interrupted for several months.

[48]

2020 Debris flow occurred between 9 May 2020 and 6 September 2020, which identified by
UAV; *2 -

*1. It indicates that debris flow events were recorded in the literature, but there is no specific information about
them; *2 it indicates that there was a debris flow event according to the description of villagers settled around the
study area. Meanwhile, the corresponding channel widening or accumulation fan growth was extracted from the
width change in the acquired remote sensing image, but the specific time of the debris flow disaster could not be
confirmed; *3 it indicates that due to the limitation of the literature and remote sensing data acquisition, only the
villagers describe the occurrence of debris flow events without the specific time and scale.

Moreover, the explicit expansion of the accumulation fan is challenging to discern
through remote sensing interpretation. However, a notable alteration in the channel width
can be observed. This indicated that the magnitude of the debris flow process was not
substantial enough to transport the material from the upstream slope to the gully mouth but
only as far as the downstream channel. Furthermore, this particular debris flow impedes
the formation of a distinct accumulation fan. In addition, due to the constraints on the
data acquisition, such as literacy and remote sensing image collection, some debris flow
events are only documented through villagers’ narratives without comprehensive analysis.
This could potentially hinder a thorough understanding of the long-term debris flow
development in Mozi Gully.

4. Discussion
4.1. Recognition Frameworks of Debris Flows Based on Multi-Source Remote Sensing Data

This study utilizes multi-source remote sensing images to examine the evolution of
debris flows in a watershed from the following four perspectives: slope, channel, accu-
mulation fan, and the relationship between the watershed and the main river (Figure 8).
The distribution changes in the distribution of loose materials on the slope were obtained
through medium resolution Landsat satellite images, and a qualitative analysis was con-
ducted to understand the relationship between loose materials on the slope and debris flow
development over different years. The findings suggest that the progression of debris flow
events is associated with the migration of loose materials to the river channel (Figure 4).
The distribution of loose materials on the hillslope is concentrated near the channel and
at low elevations, where the rate of change is the highest. The changes in channel and
accumulation fan width were primarily derived from medium resolution Sentinel and GF
satellite images. The width change in the channel is the key to reconstructing debris flow
events. After the occurrence of debris flows of varying scales, they all significantly widen
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the channel. Based on this, at least eight debris flow events have been identified using the
available remote sensing images (Figure 5b). The width variation in the accumulation fan
can reflect the scale of the debris flow, among which three large-scale debris flows that
caused the blockage event of Min River were identified. However, due to the erosion, at
least one blockage event by debris flow in 2013 could not be identified through the accumu-
lation fan. In addition, more detailed UAV images including the change in elevation were
used to identify the impact of debris flow events on the main river channel by the blockage
events with different scale (Figures 6 and 7).
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4.2. Evolution Patterns in Post-Earthquake Debris Flows and Channel Characteristics

The evolution of post-earthquake debris flow in Mozi Gully can be characterized by
its sustained high activity over an extended period. This contrasts with the Longxi River,
which boasts the shortest straight distance of merely 10 km. Following the Wenchuan
earthquake, the Longxi River transitioned from debris flows to flash floods and is now
predominantly controlled by flash floods [49–52]. An analysis of the channel width reveals
that the development of post-earthquake debris flow in Mozi Gully can be divided into
three stages. Prior to the Wenchuan earthquake, the distribution of loose materials in
Mozi Gully was extremely scattered, and the channel was very narrow and steep, devoid
of any debris flow traces (Figure 9a and Figure S4). The development of debris flow in
Mozi Gully mainly followed a transition from low-frequency and small-scale occurrences
before the earthquake to high-frequency and large-scale events afterward. Then, as loose
materials were progressively transported to the gully outlet by frequent debris flows, the
development of debris flows shifted to high-frequency and low-scale. However, heavy
rainstorms could activate old landslides or generate new ones within the watershed,
bringing new material sources and leading to the occurrence of large-scale debris flows,
such as the debris flow that occurred on 20 August 2019 (Table 2). Consequently, based on
the analysis of spatial distribution of loose materials, channel alterations, accumulation fan
expansion and river blockage, the development of post-earthquake debris flows in Mozi
Gully can be categorized into three stages (Figure 9b–d).
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Figure 9. Evolution patterns of post-earthquake debris flow in Mozi Gully. (a) Schematic diagram
of the Mozi Gully before the Wenchuan earthquake. (b) Development of debris flows and distri-
bution of loose materials after earthquakes in Mozi Gully from 2008 to 2013. (c) Development of
debris flows and distribution of loose materials after earthquakes in Mozi Gully from 2014 to 2018.
(d) Development of debris flows and distribution of loose materials after earthquakes in Mozi Gully
after 2019.

During the first stage (2008–2013), a significant amount of loose material, primarily
resulting from earthquakes, was predominantly located on hillslopes [53] (Figure 9b).
This led to the frequent development of debris flows within the watershed as an attempt
to establish a new material balance. Additionally, there was a noted decrease in the
triggering rainfall for these debris flows. The influx of this large volume of loose material
into the formation process of the debris flow resulted in a generally larger scale of these
events [15,16]. During this period, debris flow would transport lots of co-seismic landslides
into the channel and change the transverse and longitudinal profiles of the channel under
strong rainfall. At this time, there was a decrease in the downstream channel gradient and
an increase in width. Simultaneously, the strength of the debris flow was considerable,
leading to multiple instances of river blockage. The most notable changes were observed in
the uplift and widening of the channel.

During the second stage (2014–2018), a significant volume of coseismic loose material
was either introduced to the gully or had already been transported to the Min River
(Figure 9c). At that time, the amount of loose material diminished, and its distribution
progressively shifted away from the channel. Meanwhile, the coarsening of particles and
the recovery of vegetation is obvious, leading to the increasing triggered rainfall of the
debris flow (Figure 10a) [19,54]. This phenomenon led to a reduction in the scale of debris
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flow development during this stage, making many small-scale debris flow events difficult
to identify and record using remote sensing imagery.
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Figure 10. Changes in critical rainfall for triggering debris flows and regional annual precipitation:
(a) shows the increased critical rainfall for triggering debris flows in Er Gully, which is only separated
by a mountain with Mozi Gully. The data used in (a) were obtained from Guo, et al. [19]; (b) shows
the change in annual precipitation in affected area of Wenchuan earthquake. The precipitation was
obtained from Intensification Innovation Lab (https://www.worldclim.org/data/worldclim21.html,
accessed on 24 August 2024) [55].

During the third stage, the material sources become more diverse (Figure 9d). Drawing
from the existing research [4,36] and the aforementioned analysis of landslide locations, it
could be found that the sedimentation formed by the early debris flow in the channel [43],
the expansion and excitation of the landslide by heavy rainfall were the main material
sources of debris flow a decade after the earthquake. And rainstorm-induced landslides
are more frequent in the valley or near streams [53]. This leads to the development scale
of debris flows during this period being mainly controlled by rainfall intensity [56], and
the absolute control effect of earthquakes on debris flow development was reduced. This
is consistent with the conclusion by Yang et al. [9] regarding the entire affected area of
Wenchuan earthquake. Due to the abundant supply of loose materials, the evolution of
the Mozi Gully still requires a relatively long time for material transportation with the
alternating oscillation decay influenced by rainfall cycles. For example, the debris flow that
occurred on 20 August 2019 was during the relatively active period of the rainfall cycle
(Figure 10b). Furthermore, due to the preservation of the accumulation fan caused by the
early debris flow, and the expansion of the accumulation fan in the later stage, it provides
space for the migration of the river channel, leading to the development of braided river
channels in the accumulation fan (Figures 6 and 7).

4.3. Limitations and Perspectives in Identification of Debris Flows Events Using Remote
Sensing Technology

The prevailing method for identifying post-earthquake debris flows primarily hinges
on the detection of accumulation fans and channel widening. A comparative analysis
with the existing literature [5,34,54] and field investigations reveals a strong correlation
between the identified debris flows and those documented in scholarly works, suggesting
a viable approach for debris flow identification. Furthermore, the influence of debris
flow accumulation fans on the Min River offers valuable insights for this purpose. The
compression and potential blockage caused by these fans significantly alter the river’s
upstream dynamics. For instance, if an accumulation fan temporarily compresses the Min
River, it leads to a reduction in flow velocity, culminating in the formation of a channel
bar upstream of the intersection (Figures 6b and 7e). In cases where an accumulation
fan obstructs the river channel resulting in a barrier lake, a distinct lake surface emerges
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upstream during the initial phase. Nevertheless, this recognition technique is optimal for
debris flows characterized by channel expansion, pronounced accumulation fan formation,
or the creation of lakes in the upper reaches of the Min River. Nonetheless, this method
struggles to detect minute debris flows and lacks the capability to establish a comprehensive
sequence of debris flow development stages, marking a notable limitation of this study.

Obtaining accurate remote sensing images before and after debris flows is challenging
due to the impact of the satellite revisit and clouds cover on the quality of remote sensing
images. This issue has hindered the identification and estimation of the scale of post-
earthquake debris flows. However, with advances in satellite remote sensing sensor cloud
penetration levels, reductions in revisit periods, and usage of SAR data for detecting the
deformation [57], the identification method of debris flow proposed in this study, based
on multi-source data, will be more effective for constructing debris flow event libraries.
Concurrently, it will enable a more comprehensive and quantitative analysis of changes in
debris flow scale and frequency across different periods.

5. Conclusions

The research employs three different resolutions and availability levels of remote sens-
ing images, namely Landsat, Sentinel, and UAV, to establish an identification framework
and method for reconstructing post-earthquake debris flow events and analyzing their
impacts on channels and accumulation fans. The Mozi Gully, situated in the XI intensity
zone of the Wenchuan earthquake, was selected as an example to reconstruct a database of
post-earthquake debris flow events and examine their long-term evolution patterns and
their impacts. The long-term evolution of debris flow in Mozi Gully was analyzed from
the perspectives of slope, channel, accumulation fan, and their relationship with the main
stream of the Min River. Concurrently, the database of debris flow events in Mozi Gully
from 2008 to 2020 was reconstructed, and the impact of long-term debris flow on channel
width and accumulation fan was assessed.

The long-term spatial distribution characteristics of loose material at hillslope and
channel scales following an earthquake were examined using Landsat data. The most
rapid change in cumulative distribution of loose materials was observed at the channel
intersection, with the peak annual value occurring in 2011. This period also saw the
strongest debris flow effects, suggesting a significant coupling between debris flow and
loose material distribution. And at the aspect of elevation, the annual variability in the
cumulative ratio of loose material between 1514 m and 2813 m is notable, indicating that
the migration of loose materials within this range varies significantly across different years.

More than eight events for debris flow were identified in the Mozi Gully, including
three large-scale debris flow events that caused blockages in the Min River. This bridges
the data gap for existing research and field investigations. Meanwhile, high-precision UAV
images revealed the differences in erosion and accumulation of channels caused by debris
flows of different scales.

The post-earthquake evolution of debris flows in the Mozi Gully could be categorized
into the following three distinct stages: the first stage of high-frequency large-scale debris
flows (2008–2013), the second stage of high-frequency small-scale debris flows (2014–2018),
and the third stage of low-frequency small-scale debris flows (2019~).

Multi-source remote sensing imagery offers a robust technical approach to understand-
ing the evolution of post-earthquake debris flows. However, the extended revisit intervals
and the pronounced impact of clouds on sensors constrain the creation of a comprehensive
database for these events. As remote sensing technology advances, our comprehension
of the identification and progression of post-earthquake debris flows will deepen. Such
advancements will be instrumental in mitigating the adverse effects of these flows on the
ecological and residential environments within watersheds.
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