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Abstract: The Jiangjia Gully, which is located in 
Dongchuan District, Yunnan Province, China, is a 
watershed prone to debris flows and has long-term 
recorded data of debris-flow occurrence. However, 
the initiation mechanism has mainly been studied by 
experiments in this watershed. To further reveal 
debris-flow formation mechanism in the Jiangjia 
Gully, debris-flow activities in the initiation zone were 
observed with hand-held video cameras in the 
summer of 2016 and 2017. In these two years, six 
debris-flow events were triggered in Menqian Gully, a 
major tributary of the Jiangjia Gully, while debris-
flow activities in some sub-watersheds of Menqian 
Gully were recorded with video cameras in four events. 
The video recording shows that landslides constituted 
an important source for sediment supply in debris 
flow. Some landslides directly evolved into debris 
flows, while the others released sediment into rills 
and channels, where debris flows were generated for 

sediment entrainment by water flow. Therefore, 
debris-flow occurrence in the Jiangjia Gully is 
influenced both by infiltration-dominated processes 
and by runoff-dominated processes. In addition, 
rainfall data from four gauges installed in Menqian 
Gully were analyzed using mean intensity (I), 
duration (D), peak 10-minute rainfall (R10min) and 
antecedent rainfall (AR) up to 15 days prior to peak 
10-minute rainfall. It reveals that debris-flow 
triggering events can be discriminated from non-
triggering events either by an I-D threshold or by an 
R10min-AR threshold. However, false alarms can be 
greatly reduced if these two kinds of thresholds are 
used together. Moreover, behaviors including 
intermittency of debris flow, variance in moisture 
content and volume among surges, and coalescence of 
multiple surges by temporary damming were 
observed, indicating the complexity of debris-flow 
initiation processes. These findings are expected to 
enhance our knowledge on debris-flow formation 
mechanism in regions with similar environmental 
settings. 
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1    Introduction  

Debris flows are gravity-driven mixtures of 
poorly sorted sediment, clasts and water with 
properties intermediate between floods and landslides 
(Iverson et al. 1997). They tend to occur in steep 
mountainous regions after intense or prolonged 
rainfall. The velocity of debris flow can be as high as 
14 m/s, and the flow volume ranges from hundreds to 
millions of cubic meters (Rickenmann 1999). 
Therefore, debris flows may result in great economic 
loss and casualties for their destructive power. One 
example can be found in Zhouqu city in northwestern 
China on August 8, 2010, when a catastrophic debris 
flow destroyed more than 5500 houses and caused 
1765 deaths (Tang et al. 2011). To mitigate debris-flow 
hazards, it is essential to understand the initiation 
mechanism of debris flow. 

Debris-flow initiation requires an abundant 
source of unconsolidated material, steep terrain, and 
a source of moisture (Badoux et al. 2009). It has been 
recognized that debris flows are mainly triggered in 
two manners. On the one hand, landslides might 
mobilize to form debris flows (Johnson and Sitar 
1990; Wang and Sassa 2007). Three processes have 
been revealed in the initiation of this type of debris 
flows: (1) widespread Coulomb failure within a soil 
mass, (2) partial or complete soil liquefaction by high 
pore fluid pressure, and (3) conversion of landslide 
translational energy to internal vibrational energy 
(Iverson et al. 1997). In terms of pore fluid pressure, 
controlled experiments show that it may increase 
dramatically (within 2-3 seconds) during slope failure 
because of soil contraction and agitation (Reid et al. 
1997). On the other hand, debris flows can be 
generated by runoff, which is typical in alpine and 
recently burned areas (Kean et al. 2013). Two major 
classes of initiation mechanisms have been proposed 
for this type of debris flows. One is related with 
Coulomb failure of channel bed sediment (Takahashi 
1978). The other is regarding sediment transport 
driven by hydrodynamic force (Gregoretti 2008). 
Diverse formulas have been given to calculate critical 
discharge triggering debris flows considering channel 
gradient and sediment grain size distribution 
(Tognacca et al. 2000; Gregoretti and Dalla Fontana 

2008; Wang et al. 2017). In addition, debris flows 
may be initiated by outburst floods resulting from 
natural dams’ failure (Takahashi 2007). If the flood 
entrains enough sediment from the dam itself or from 
the downstream channel, it will become a debris flow 
(Schuster 2000; Jiang et al. 2017). 

Field observation of initiation processes of debris 
flow is the best way to study its formation mechanism. 
In recent years, in situ debris-flow monitoring has 
been conducted in many countries including Italy 
(Comiti et al. 2014; Simoni et al. 2020), the USA (Coe 
et al. 2008; Kean et al. 2011), Japan (Suwa et al. 1993; 
Imaizumi et al. 2019), China (Zhang 1993; Cui et al. 
2018), Switzerland (Berger et al. 2011), Spain (Abancó 
et al. 2016), and France (Bel et al. 2017). Although 
most instruments are installed along downstream 
channels, some valuable data associated with debris-
flow formation processes have been reported. Berti et 
al. (1999) reported a debris-flow event in the 
Dolomites, which initiated from the mobilization of 
in-channel debris and increased its volume by bed 
scouring and channel banks undercutting along the 
flow path. McCoy et al. (2012) found that bed 
sediment is entrained by debris flows from the 
sediment-surface downward in a progressive fashion 
and time-averaged entrainment rate is affected by 
sediment wetness. Kean et al. (2013) observed that 
debris flows at Chalk Cliffs can be generated by 
periodical release of accumulated sediment 
transported by water flow in lower gradient channels. 
Data from Ohya landslide show that partly saturated 
flow, which has an unsaturated layer in its upper part, 
is the predominant flow type in the steep initiation 
zone (Imaizumi et al. 2019). 

As debris flows occur frequently in the Jiangjia 
Gully, it is an ideal location for in situ monitoring of 
debris flows. Field observation has been conducted in 
this basin by Chinese Academy of Sciences since 1965 
(Zhang 1993), which provides long-term recorded 
data for debris-flow study in China (e.g., Zhuang et al. 
2015; Wang et al. 2018). However, field observation 
data regarding the initiation zone are scarce except 
for precipitation, and the initiation mechanism has 
mainly been studied by experiments (Chen et al. 2006; 
Chen et al. 2010), in which the transformation of 
debris flows from landslides is emphasized. The 
specific object of this study is to reveal debris-flow 
initiation mechanism in the Jiangjia Gully by 
observing debris-flow activities in the initiation zone 
with hand-held video cameras and by analyzing 
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rainfall conditions responsible for observed debris-
flow events. 

2    Study Area 

The Jiangjia Gully is a 48.6-km2 watershed 
situated in Yunnan Province, southwestern China, 
with a geographical location of 103°05′46″-
103°13′01″E and 26°13′16″-26°17′13″N. It has an 
elevation range of 1040-3260 m, with the landform 
generally inclining from east to west (Fig. 1). Terrain 
is steep in this basin, with slopes greater than 25° 
accounting for 68%. Gentler slopes are present close 
to the divides. Menqian Gully and Duozhao Gully are 
the two largest tributaries, accounting for 64.7% in 
drainage area. They also constitute the major zones 
for debris-flow initiation in the Jiangjia Gully. The U-
shaped main stream channel downstream of the 
confluence of the two tributaries has a width of more 
than 100 m, and the gradient decreases from 5.1° in 
the transport zone to 3.7° in the deposition zone (Cui 
et al. 2005). In contrast, channels of the tributaries 
are commonly narrow and V-shaped, with 
inclinations greater than 8.5°. 

The geological conditions of the Jiangjia Gully are 
strongly affected by the Xiaojiang fault, which runs 
across this area predominantly in a north-south 

direction (Fig. 1). As the boundary between the active 
Sichuan-Yunnan block and the stable Yangtze block, 
the Xiaojiang fault is one of the most active and 
earthquake-prone faults in China (Liu et al. 2020). 
More than 10 earthquakes of M ൒6 have occurred 
along this fault since 1500 (Shi and Wang 2017). Due 
to intense tectonic activities, fractures are well 
developed in the Jiangjia Gully. Therefore, exposed 
bedrocks, mainly constituted by slates formed in 
lower Proterozoic, are fragmented, usually 
disintegrating into gravels of 20-100 mm (Fig. 2a). 
Gully incision is intense because of steep terrain and 
fractured bedrocks, and has caused extensive 
landsliding (Fig. 2b). 

This area is characterized by subtropical 
monsoon climate. Mean annual rainfall varies from 
400 to 1000 mm, and generally increases with 
elevation. About 85% of rainfall concentrates in the 
rainy season (May-October). Croplands are mainly 
distributed on gentler hillslopes (<25°) near the 
divides and on the alluvial fan. Some steeper 
hillslopes are covered by sparse shrubs or grass, while 
the others are barren for frequent failures. The soil 
mantle, with thicknesses of 0.5-20 m, is generally 
poorly-graded, and the particles range from clay to 
boulders. Rill and gully erosion are also active on 
steeper hillslopes (Fig. 2c). 

To monitor debris-flow activities in the Jiangjia 

 
Fig. 1 Location and terrain of the Jiangjia Gully. 
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Gully, seven rain gauges were installed in the 
watershed by Dongchuan Debris Flow Observation 
and Research Station (DDFORS), while a monitoring 
section was built 2.2 km downstream of the 
confluence of Menqian Gully and Duozhao Gully (Fig. 
1) to measure the depth and velocity of debris flow. 
Information on more than 500 debris-flow events has 
been recorded (Guo et al. 2020), which shows that a 
high-intensity rainfall event lasting for 10-20 minutes 
can trigger a debris flow (Zhuang et al. 2015). 

3    Data and Methodology 

Methods including video recording, field survey 
and rainfall analysis were employed in this study. Due 
to the construction of check dams in Duozhao Gully, 
debris flows observed in the main channel of the 
Jiangjia Gully are primarily discharged from Menqian 
Gully currently. Therefore, our study was focused on 
this tributary. A campsite was set up in the initiation 
zone of Menqian Gully in 2016 (Fig. 1). Some 
observers lived at the campsite during July 13-August 
21 in 2016 and July 13-August 26 in 2017 to record 
debris flows triggered on hillslopes and in channels in 
the vicinity of the campsite using video cameras. A 
single observation usually lasted for tens of minutes. 
The observation was discontinuous for the impact of 
fog. Once debris flows were recorded near the 
campsite, observers staying at DDFORS would check 
if there were fresh debris-flow deposits in the main 
channel of the Jiangjia Gully after the rain. That is to 
say, only events with debris flows arriving at or 
moving farther than the outlet of Menqian Gully were 
labeled as debris-flow events in Menqian Gully. In 
addition, field survey was aperiodically carried out to 

investigate geomorphic features, such as distribution 
of unconsolidated material and groundwater outcrop, 
at the sites where debris flows were recorded. 

Digital elevation model (DEM) data, digital 
orthophoto, and rainfall data provided by DDFORS 
were also used in this study. The high-resolution (0.17 
m) DEM data and digital orthophoto, obtained in 
December 2017 with aerial photogrammetry using an 
unmanned aerial vehicle, were employed to derive 
topographic map, slope distribution, channel length 
and gradient of interested sites. Rainfall data 
monitored at 1-minute intervals by the four tipping 
bucket rain gauges installed in Menqian Gully, which 
were denoted by R1 through R4 in Fig. 1, were used 
for rainfall analysis. The measurement accuracy is 0.1 
mm. Gauge R2 was out of order in 2017, thus only 
data from the remaining gauges were available this 
year.  

The power-law function between mean intensity 
(I) and duration (D), i.e., ܫ ൌ ߙ ∙  ఉ, has been widelyܦ
used in defining rainfall threshold for debris flows 
and shallow landslides (e.g., Guzzetti et al. 2008; Bel 
et al. 2017), where ߙ is the scaling coefficient and ߚ is 
the exponent of the power function. Moreover, the 
linear function between peak 10-minute rainfall 
(R10min) and antecedent rainfall prior to the 
occurrence of peak 10-minute rainfall (AR), i.e., ܴଵ଴୫୧୬ ൌ ܽ ൅ ܾ ൈ  where a is the intercept and b is ,ܴܣ
the slope of the linear function, has been employed to 
predict debris-flow occurrence in the Jiangjia Gully 
(Zhang 1993). Therefore, the four parameters 
including I, D, R10min, and AR were calculated for each 
rainfall event in the observation period. Among them, 
antecedent rainfall was computed with the following 
equation: 

 
Fig. 2 Photographs showing the fragile exposed bedrock (a), widespread landslides (b), and dense rills and gullies (c) 
in the Jiangjia watershed. 
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ܴܣ ൌ෍݇௜ܴ௜௡
௜ୀଵ ൅ ܴ଴ (1)

where Ri is rainfall accumulated in the i-th 24 hours 
prior to the rainfall event; R0 is rainfall accumulated 
from the beginning of the event to the occurrence of 
peak 10-minute rainfall; n is the number of days 
considered; and k is the decay factor. Suggested 
values for n and k are 15 and 0.78 respectively 
(Zhuang et al. 2015). 

The selection of inter-event time (IET), which 
corresponds to the minimum duration of no rain gap 
between two contiguous rainfall events, is crucial 
when defining a rainfall event (Bezak et al. 2016). 
There are no standard criteria for selecting IET (Jiang 
et al. 2021). In this research, we analyzed the 
histogram of the duration of no rain gaps following 
Bel et al. (2017) to determine this value. Using rainfall 
data recorded by the four gauges in the rainy season 
of 2016 and 2017, the number of no rain gaps with 
different durations was calculated, as illustrated in 
Fig. 3. It decreases sharply when the duration is 
shorter than 5 h while diminishing more gently when 
the duration is longer than 5 h, indicating that rainfall 
events with shorter no rain gaps were most likely 
episodes of events with longer no rain gaps. Therefore, 
5 h was chosen for IET in this study. 

Rainfall events in the observation period were 
divided into two groups: debris-flow triggering events 
and non-triggering events. To define the I-D 
threshold (ܫ ൌ ߙ ∙  ఉ) for debris flow, the gauge withܦ
highest I and D values was selected as the 
representative gauge for each rainfall event, because 
debris flows most likely initiated in the area (s) 

neighboring this gauge. Then the exponent (ߚ) in the 
threshold was determined by logistic regression 
(Giannecchini et al. 2016; Bel et al. 2017). For each 
debris-flow triggering event, the scaling coefficient (ߙ) 
was calculated using corresponding I and D values. 
The smallest one was finally selected for rainfall 
threshold definition. The R10min-AR threshold 
(ܴଵ଴୫୧୬ ൌ ܽ ൅ ܾ ൈ ܴܣ ) was defined using the same 
procedure. 

4    Results 

4.1 Rainfall conditions responsible for debris 
flows in Menqian Gully 

Six debris-flow events were triggered in the main 
channel of Menqian Gully in 2016 and 2017. Out of 
them, four events were triggered during observers’ 
stay at the campsite, with two events occurring on 
August 14, 2017 and the other two occurring on 
August 10, 2016 and August 25, 2017 separately. 
These four events all had relatively short runout 
distances. Specifically, debris flows arrived 1.4 km 
downstream of the outlet of Menqian Gully in the 
second event on August 14, 2017 while debris flows 
arrived at the outlet of Menqian Gully in the 
remaining three events. Therefore, they were not 
recorded at the monitoring section of DDFORS. Great 
variance usually existed in accumulated event rainfall 
measured by different gauges. Event rainfall was 6.1-
19.8 and 12.7-90.1 mm for the August 10, 2016 and 
August 25, 2017 debris-flow events respectively (Fig. 
4a, 4e). For the two events on August 14, 2017, 
cumulative rainfall was 6.6-32.2 and 12.8-29.9 mm 
separately (Fig. 4d).  In these rainfall events, debris 
flows were observed in three sub-watersheds (denoted 
by A, C, and D in Fig. 1) and on two slopes (denoted 
by E and F in Fig. 1) at the campsite. Fig. 4a, 4d, 4e 
illustrated the moment that debris flows were 
detected, which was generally in the time period when 
cumulative rainfall increased rapidly except for Fig. 
4e. 

Two debris-flow events occurred in Menqian 
Gully before observers’ stay at the campsite in 2017, 
and thus they were not recorded by hand-held video 
cameras. However, they were observed at the 
monitoring section on July 3, 2017 and July 7, 2017 
separately, with 46 and 30 debris surges recorded 
correspondingly. Runout distances of these two 

 
Fig. 3 Histogram of the duration of no rain gaps 
calculated with rainfall data collected by gauges R1-R4 
in the rainy season of 2016 and 2017. 
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events were evidently longer than the above-
mentioned four events. The associated rainfall data 
were shown in Fig. 4b, 4c. Accumulated event rainfall 
was 26.2-60.2 mm on July 3, 2017, and also exhibited 
great difference among gauges. The difference was 
much smaller on July 7, 2017, and event rainfall was 
47.7-61.5 mm. 

Parameters including I, D, R10min, and AR were 

computed for the six rainfall 
events using data from each 
gauge, as listed in Table 1. 
They were also calculated for 
the remaining 44 rainfall 
events occurring in the 
observation period that did 
not trigger debris flows in 
the main channel of 
Menqian Gully. Using the 
method described in section 
3, the I-D threshold and the 
R10min-AR threshold for 
debris flow were determined 
respectively, with ܫ ൌ12.27ିܦ଴.଼ଶ  and ܴଵ଴୫୧୬ ൌ13.60 െ ܴܣ0.26 , as 
illustrated in Fig. 5. 
Generally, both thresholds 
can effectively distinguish 
triggering events from non-
triggering ones, with 3 and 4 
false alarms separately. 
Interestingly, only one non-
triggering event exceeds 
both thresholds, suggesting 
that these two thresholds 
can be used together to 
reduce false alarms. In 
addition, rainfall data 
recorded by all available 
gauges exceed the two 
thresholds in the July 3, 
2017 and July 7, 2017 flow 
events, while data recorded 
by 1 or 2 gauges surpass the 
two thresholds in the other 
events, indicating that debris 
flows were most likely widely 
triggered in the sub-
watersheds of Menqian 
Gully in the former two 

events, and the total volume of debris flow was so 
large that the debris could propagate farther than the 
monitoring section. 

4.2 Debris-flow activities observed in the 
initiation area 

In the observation period, debris-flow activities 

Fig. 4 Cumulative rainfall measured by available gauges for the 6 debris-flow events 
triggered in Menqian Gully in 2016 and 2017. Two debris-flow events occurred on 
August 14, 2017, with the corresponding rainfall denoted by I and II separately (d). 
Gauge R2 was out of order in 2017 and no rainfall data were collected. 
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at six sites, denoted by A through F in Fig. 1, were 
recorded by hand-held video cameras in the initiation 
zone. Some were triggered by the rainfall events 
illustrated in Fig. 4, while the others were triggered by 
rainfall events without accompanying debris flows in 
the main channel of Menqian Gully, as listed in Table 
2. Video recordings related with sub-watersheds A, B, 
and C were presented because they were less affected 
by fog. 

4.2.1 Sub-watershed A 

Sub-watershed A is situated in the northeastern 
part of the Jiangjia Gully, denoted by A in Fig. 1. It 
has a drainage area of 0.10 km2 and a relative relief of 
421 m (2256-2677 m a.s.l.), with an unpaved road 
crossing the middle part at an elevation of ~2500 m. 
Terrain is steep in this area, with slopes below the 
elevation of 2620 m generally greater than 30°. The 

Table 1 Rainfall conditions for the recorded debris-flow events in Menqian Gully

Date 
(yyyy-mm-dd) 

Rain 
gauge 

Event rainfall 
(mm) 

Duration (h) Mean intensity 
(mm/h) 

Peak 10-minute 
rainfall (mm) 

Antecedent rainfall 
(mm) 

2016-08-10 

R1 8.3  9.00 0.92 1.7 28.0  
R2 19.8  14.27 1.39 6.9 25.8  
R3 10.4  14.05 0.74 7.4 13.7  
R4 6.1  9.72 0.63 1.0 12.3  

2017-07-03 
R1 26.2  12.87 2.04 2.2 82.6  
R3 35.2  33.80 1.04 2.6 79.5  
R4 60.2  31.72 1.90 7.5 68.7  

2017-07-07 
R1 55.5  13.90 3.99 6.1 42.9  
R3 61.5  13.28 4.63 12.3 51.9  
R4 47.7  17.62 2.71 10.5 45.9  

2017-08-14 (I) 
R1 32.2  2.25 14.31 14.9 10.3  
R3 6.7  1.83 3.66 2.1 3.9  
R4 6.6  2.07 3.19 2.3 6.1  

2017-08-14 (II) 
R1 29.9  9.23 3.24 5.3 47.3  
R3 14.9  9.17 1.62 2.7 18.1  
R4 12.8  9.43 1.36 2.8 15.0  

2017-08-25 
R1 90.1  55.53 1.62 2.9 41.8  
R3 12.7  20.22 0.63 2.1 15.6  
R4 56.5  49.37 1.14 3.2 46.3  

 
Table 2 Occurrence sites and date of debris flows observed with hand-held video cameras 

Site Date Position of observers 
Sub-watershed A 2017-07-15, 2017-07-16, 2017-08-14, 2017-08-25 At the campsite 
Sub-watershed B 2017-07-23 At the outlet of sub-watershed B
Sub-watershed C 2017-08-25 At the campsite 
Sub-watershed D 2016-08-10, 2017-08-25 At the campsite 
Slope E 2017-08-25 At the campsite 
Slope F 2017-08-14 At the campsite 

 

 
Fig. 5 The I-D threshold (a) and R10min-AR threshold (b) for debris-flow triggering in Menqian Gully using data 
recorded in 2016 and 2017. 
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534-m-long channel has a mean gradient of 33.2°. 
The reach upstream of the road is filled with sediment 
while seasonal runoff is present in the downstream 
reach. Shallow landslides are widely distributed along 
the channel and the road. No debris flows were 
triggered in the channel in the August 10, 2016 
rainfall event, whereas fresh debris-flow deposits 
caused by rill erosion were observed on some slopes. 
The intense rainfall in early July in 2017 triggered 
new landslides along the road. The mobilized 
sediment was deposited on hillslopes downstream of 
the road and provided additional loose material for 
debris-flow formation. Fig. 6 illustrates the five main 
sites storing unconsolidated sediment along the 
channel observed on July 13, 2017. Debris flows 
occurred in this sub-watershed in the August 14, 2017 
and August 25, 2017 rainfall events. Moreover, debris 
flows were observed in this area on July 15-16, 2017, 
which were presented below. The corresponding 
rainfall data measured by the nearest gauge available 
(R3) were shown in Fig. 7. The rain mainly occurred 
during 0:00-2:00 and 7:00-9:00 on July 15, with a 
peak 10-minute rainfall of 4.3 mm. This flow event 
was characterized by long duration (over 29 hours) 
and intermittent flows, with sediment provided by 
areas AS3-AS5. 

The observation on July 15 lasted from 11:34 to 
12:13. In the beginning, the granular front of the 
flowing mass was detected at section AC4, ~64 m 
upstream of the outlet. It traveled forward 

intermittently, and the mean 
velocity was small (~0.05 m/s). 
When it moved downstream, 
gravels located on the steep 
surface rolled or slid downslope 
and fell on the channel bed. 
Behind the front part, debris flows 
only propagated in the central 
part of the channel, while debris 
on the two sides stayed still, 
suggesting that lateral levees had 
been formed (Fig. 8a). A levee 
collapse induced by debris-flow 
erosion was observed at 11:45, 
indicating that levees could 
provide sediment to passing 
debris surges. In the observation 
period, five debris surges were 
detected between sections AC1 
and AC2, all of which were 

composed of a granular snout and a muddy tail and 
traveled much faster than the above-mentioned front. 
For instance, the surge observed at 11:36 moved at a 
velocity of ~0.6 m/s. Debris-flow activities in the 
reach upstream of section AC1 was out of sight, 
impeding a direct observation of debris-flow 
formation process. In terms of hillslopes, mass 
movement was also active. At 11:34, scars caused by 
slope failures were present in regions AS3 and AS4 
(Fig. 8b). In the 39-minute observation period, small 
failures extending for tens of centimeters occurred 
frequently in regions AS4 and AS5, with most 
mobilized sediment resting on downstream slopes 
after traveling a short distance (less than 5 m), 
whereas a small part of sediment directly entering the 
channel. 

 
Fig. 7 Rainfall intensity at 1-hour intervals and 
cumulative rainfall recorded by R3 on July 15-16, 2017. 

 
Fig. 6 Terrain of sub-watershed A. 
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The observation on July 16 comprised two time 
periods: 14:28-14:47 and 16:33-17:18. In the first 
period, the process of combination of smaller debris 
surges into a larger one was recorded. At 14:38, a 
debris surge stopped downstream of a step near 
section AC2 (Fig. 8c). The next two surges also came 
to rest when arriving at this position. With the arrival 
of the fourth surge, the deposited mass was restarted, 
becoming a larger debris surge. In addition, a small 
collapse was triggered by debris-flow erosion at the 
toe of slope AS5 at 14:33. In the second period, small 
failures frequently occurred at the toe of a patch of 
sediment in area AS4 (Fig. 8d). Some mobilized 
sediment entered the downstream rill, and was 
released as small surges of debris flow afterwards. 

4.2.2 Sub-watershed B 

The 0.36-km2 sub-watershed B is located near 
the outlet of Menqian Gully, with a relative relief of 
671 m (1614-2285 m a.s.l.) and an accumulation fan of 
31 827 m2, denoted by B in Fig. 1. The 472-m-long 
main channel can be divided into two reaches 

according to gradient, with the reach upstream of BC1 
of 27.8° and the remaining reach of 20.8°. The 
channel is formed on a large landslide, the scarp of 
which is located at an elevation of ~2070 m. Some 
secondary landslides have been developed for gully 
erosion, with the scarps illustrated in Fig. 9. Therefore, 
hillslopes along the main channel are primarily 
comprised by landslide deposits and are prone to 
gully erosion in rainy seasons (Appendix 1). Debris 
flows are so active in this sub-watershed that they can 
occur even on non-rainy days. 

Debris-flow activities in sub-watershed B were 
recorded during 9:50-11:00 on July 23, 2017, with no 
rainfall measured by the nearest gauge (R4) in the 
past 24 hours. Five main phenomena were observed. 
Firstly, intermittent debris flows resulted from 
intermittent bank collapses. For instance, during the 
period 10:04:23-10:05:07, inflow at section BC2 
remained as water flow (Fig. 10a). Bank collapses 
occurred between sections BC2 and BC3 at 10:04:24, 
10:04:31, and 10:04:41, respectively. Correspondingly, 
snouts of debris flows were observed at section BC3 at 

 
Fig. 8 Video images showing lateral levees formed by debris flow (a), and scars of slope failures in areas AS3 and AS4 
(b) on July 15, 2017, coalescence of multiple surges (c) and location with failures in area AS4 (d) on July 16, 2017 in 
sub-watershed A. Location of the framed area is listed in the bracket. 
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10:04:30, 10:04:39, and 10:04:55. In addition, the 
process that debris flows were generated by small 
outburst floods was observed. When the channel was 
blocked by a collapse, incoming water initially 
accumulated upstream of the block body, and then 
overtopped it and eroded the downstream face, thus 
forming a surge of debris flow. Moreover, significant 
variance was present in the volume of different debris 
surges. For instance, the three aforementioned surges 
observed at section BC3 lasted for less than 10 s. In 
contrast, another surge observed at 10:34 lasted for 
more than 40 s and had greater flow depth (Fig. 10b). 
Furthermore, both partly saturated flows and fully 
saturated flows were observed. Debris flows moved 

relatively slowly when they entered the accumulation 
zone, making it easy to identify whether the flow was 
fully saturated. The debris surge observed at 10:14 at 
BP1 was fully saturated (Fig. 10c) while fluid was 
invisible at the surface of the surge observed at 10:22 
(Fig. 10d). Besides, transport behaviors of the solid 
fraction in the flow were associated with particle size. 
Gravels with sizes far smaller than flow depth “floated” 
in the flow, while boulders having sizes comparable to 
flow depth moved by rolling (not illustrated). 

4.2.3 Sub-watershed C 

Sub-watershed C has a drainage area of 0.033 
km2 and a relative relief of 369 m (1919-2288 m a.s.l.), 
denoted by C in Fig. 1. The channel is 131 m long, with 
a mean slope of 35.7°. Groundwater outcrops in the 
concave area near the source of the channel and 
constitutes tiny baseflow in rainy season. A landslide 
scarp is present at the elevation of ~2170 m. Masses 
of unconsolidated material are stored on the hillslope 
downstream of the scarp. Besides, landslides are 
active along the unpaved road, generating additional 
loose sediment on the hillslope. Fig. 11 illustrates the 
four main areas with sediment storage (CS1-CS4). 
Debris-flow activities in this sub-watershed were 
observed during 13:39-16:03 on August 25, 2017, with 
the associated rainfall data illustrated in Fig. 12. The 
main process of debris-flow formation was that 
failures or rill erosion occurred on some slopes, 
initially generating intermittent granular flow or 
debris flow in the rill and finally forming debris 
surges in the channel. 

A surge of debris flow was observed in the 
channel at 13:39 (Fig. 13a), which was the largest one 
in volume recorded in the observation period, with 
the flowing mass looking viscous. This debris surge 
was traced back to slope CS4, where debris flow was 
propagating to the channel through a rill. Debris-flow 
activity on this slope weakened after 13:47. However, 
with the arrival of a new rainfall burst at 14:57, it 
became active again, which was primarily caused by 
rill erosion. Only one rill was observed on the slope at 
13:41 (Fig. 13b) while more rills were present at 15:37 
(Fig. 13c). In addition, small failures extending for 
tens of centimeters also contributed to debris-flow 
occurrence on this slope. Two failures were recorded 
during the observation period, sediment mobilized by 
which was quickly moved by water flow in the rill. 

Mass movement was also found on other slopes 
connected with the channel. At 13:40, a small collapse 

 
Fig. 9 Terrain of sub-watershed B. 
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occurred on the slope located on the right bank of the 
channel.  The mobilized debris travelled downstream 
along the slope and fell on the surface of the passing 
debris flow in the channel. At 14:03, a surge of debris 
flow was recorded in the rill connecting slope CS3 and 

the channel. At 15:24, a failure occurred on slope CS5. 
Most of the mobilized sediment temporarily deposited 
on the downstream slope (CS6), and was further 
eroded by channel runoff, generating some surges of 
debris flow. Meanwhile, this rainfall event triggered 

 
Fig. 10 Video images showing debris surges with different volume (a, b) and different water content (c, d) on July 23, 
2017 in sub-watershed B. Location of the framed area is listed in the bracket. 

 

 
Fig. 11 Terrain of sub-watershed C. 
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some small landslides in areas CS1 and CS2, a part of 
which converted to debris flows (Fig. 13d). 

5    Discussions 

5.1 Debris-flow initiation mechanism in the 
Jiangjia Gully 

Landslides, mainly controlled by the infiltration 
process, play important roles in sediment supply for 
debris-flow occurrence in the study area. When 
landslides are triggered, a part of landslide sediment 
immediately enters the channel and is then mobilized 
by channel erosion, as observed in sub-watershed B. 
The remaining part accumulates on hillslopes and 
takes part in debris-flow activities in subsequent 
rainfall events in three manners: (1) directly 
transforming into debris flows after further failure; (2) 
rill erosion; and (3) releasing sediment to channels 
after further failure, as observed in sub-watersheds A 
and C. In these processes, concentrated water flow is 

usually necessary for sediment transport. 
Consequently, both infiltration-dominated processes 
and runoff-dominated processes are important in 
debris-flow initiation. Nonetheless, the I-D threshold 
in Menqian Gully is comparable to those derived from 
some instrumented runoff-dominated basins prone to 
debris flows in Europe and in the USA (Fig. 14). 

 
Fig. 13 Video images showing a surge of debris flow in the channel (a), rills on slope CS4 observed at 13:41 (b) and at 
15:37 (c), and a surge of debris flow mobilized from a shallow failure (d) on August 25, 2017 in sub-watershed C. 
Location of the framed area is listed in the bracket. 

 
Fig. 12 Rainfall intensity at 5-minute intervals and 
cumulative rainfall recorded by R4 during 13:00-16:20 
on August 25, 2017. 
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Once landslides provide abundant sediment to a 
channel, the channel becomes transport limited, 
which means that debris flows will be triggered if the 
flow discharge surpasses a threshold. Due to steep 
channel gradients (> 20°) in most sub-watersheds, 
the threshold is relatively small, as observed in sub-
watershed B. Another case was found in a 0.19-km2 
sub-basin near sub-watershed A, where a debris surge 
was observed at 13:45 on August 26, 2017, 9.5 hours 
after the rain stopped, because the steep channel 
(23.8°) was filled with landslide accumulations 
generated in the August 25 rainfall event (Appendix 
2). Antecedent rainfall plays nonnegligible roles in 
triggering landslides as it reduces soil suction 
(Caracciolo et al. 2017). Therefore, more antecedent 
rainfall usually means more sediment supply in the 
channel and thus lower 10-minute triggering rainfall 
in the study area (Fig. 5B). In contrast, antecedent 
rainfall is negligible and debris flows are merely 
related with high-intensity rainfall bursts in some 
runoff-dominated torrents (Deganutti et al. 2000; 
Coe et al. 2008).  

It is most likely that sediment is not only 
provided by landslides, rill erosion, and gully erosion 
in debris-flow triggering rainfall events, but also 
supplied by these processes in non-triggering rainfall 
events, and by rockfall and dry ravel in the dry period. 
As a result, a long-term sediment accumulation 
facilitates debris-flow occurrence. For instance, the 
first debris-flow event was triggered on August 10 in 
2016, when masses of sediment had accumulated in 

the channel in the preceding dry season (winter and 
spring) and early summer. In contrast, no debris 
flows were recorded in the rainfall event on August 15, 
2016 for the absence of enough preexisting sediment 
supply, although both the I-D threshold and the 
R10min-AR threshold were exceeded (I=1.46 mm/h, 
D=21.17 h, R10min=6.1 mm, and AR=36.4 mm). 

5.2 Factors facilitating movement of partly 
saturated flow in the Jiangjia Gully 

Partly saturated flow was frequently observed in 
the sub-watersheds of the Jiangjia Gully. 
Maintenance of the flow is mainly attributed to high 
channel gradients. For a uniform layer of saturated 
bed sediment where surface water flow is absent, the 
shear stress is written as (Takahashi 1978; Imaizumi 
et al. 2017): ߬ ൌ ሾߩ୵ ൅ ሺߩୱ െ (2) ߠsinߠ୴ሿ݄݃cosܥ୵ሻߩ

where ߩ୵ and ߩୱ represent the bulk density of water 
and solid particles; ܥ୴  is solid volumetric 
concentration; g is gravitational acceleration; ݄  is 
sediment depth; and ߠ is slope angle of the channel. 
Assuming that cohesion strength and lateral 
resistance are negligible, the resisting stress is written 
as: ߬୰ ൌ ሺߩୱ െ tan߮ (3)ߠ୴݄݃cosଶܥ୵ሻߩ

where ߮  is internal friction angle. Given that ߩୱ ൌ2650	kg/mଷ ୴ܥ , ൌ 0.64  (corresponding to a dry bulk 
density of 1700 kg/m3), and ߮ is equal to the natural 
angle of repose in the study area (~38°), we can 
deduce that ߬ is larger than ߬୰ if ߠ is greater than 21.9°. 
It means that saturation is not required for the 
mobilization of sediment in channels steeper than a 
threshold. This is consistent with findings of 
Imaizumi et al. (2017) in a debris-flow initiation zone 
in Japan, where partly saturated flows tend to form 
steeper channel sections (22.2°-37.3°) while fully 
saturated debris flows tend to form gentler channel 
sections (<22.2°). Prancevic et al. (2014) also found 
that debris flow is initiated from channel bed failure 
rather than fluvial transport when the channel slope is 
beyond ~22° in their laboratory experiments. 

Nonetheless, a surface water flow is usually 
required for the formation of a debris-flow surge in 
steep channels. It provides water to the bed sediment 
before the failure of the sediment while transforming 
into a muddy flow and exerting pressure behind the 
partly saturated front after the sediment is mobilized. 

 
Fig. 14 Comparison of I-D threshold in Menqian Gully 
with other sites including Chalk Cliffs in the USA (Coe 
at al. 2008), the Moscardo Torrent in Italy (Deganutti 
et al. 2000), the Dimai Basin in Italy (Berti et al. 2020), 
the Réal Torrent in France (Bel et al. 2017), and the 
Rebaixader catchment in Spain (Abancó et al. 2016). 
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This phenomenon was observed in sub-watersheds A 
and B. It was also reported in the Cancia basin in 
eastern Italian Alps, where the slope angle is about 30° 
in the initiation zone of debris flow (Simoni et al. 
2020). 

In addition, debris-flow runout distance can be 
enhanced by coalescence of multiple surges. When a 
debris surge deposits in the channel and induces 
temporary damming, it will increase in volume with 
the arrival of subsequent surges, and then is restarted 
by gravity and impact pressure, as observed in sub-
watershed A. Existing research has revealed that 
travel distances of landslides and debris flows 
increase with debris volume (Staron and Lajeunesse 
2009; de Haas et al. 2015; Hürlimann et al. 2015). 
Therefore, the enlarged renewed surge is expected to 
exhibit higher runout distance. 

Moreover, the formation of levee is favorable to 
the movement of debris flow. Lateral levees were 
formed in the channel when partly saturated flow 
travelled forward (Fig. 8A), which means that high-
friction, coarse-grained snouts were displaced 
laterally by subsequent finer material that had lower 
friction (Johnson et al. 2012). 

Furthermore, excess pore fluid pressure is 
expected to play an important role in the propagation 
of partly saturated flow. Excess pore fluid pressure 
has been observed at the bottom of debris flow in 
large-scale experiments and in natural torrents 
(Iverson 2003; McCoy et al. 2010). Although there 
were no observation data on fluid pressure in the 
present study, the low bearing capacity of the fresh 
partly saturated deposit demonstrates the presence of 
excess pore fluid pressure (Appendix 3). 

6    Conclusions 

To study debris-flow formation mechanism in the 
Jiangjia Gully, field observations of debris-flow 
activities in the initiation zone were performed and 
the related rainfall data were analyzed. It shows that 
landslides constituted an important source for 
sediment supply. Some landslides, usually triggered 
on talus slopes, directly evolved into debris flows, 
while sediment mobilized by the other landslides 
entered rills and channels, and was finally entrained 
by concentrated water flow. Therefore, both 
infiltration-dominated processes and runoff-
dominated processes are important in debris-flow 

initiation in the study area. 
In contrast to some active runoff-dominated 

basins, where rainfall conditions for debris-flow 
triggering are represented by intensity-duration 
thresholds while antecedent rainfall is negligible, 
rainfall threshold in the study area can be described 
both by a power-law relationship between mean 
intensity and duration and by a linear relationship 
between peak 10-minute rainfall and antecedent 
rainfall. False alarms will be greatly reduced if these 
two thresholds are used together. Moreover, rainfall 
data recorded by different gauges usually exhibit great 
variance. The debris-flow event is expected to be 
larger in volume when records from all gauges exceed 
the threshold. 

Since sediment was supplied discontinuously, 
debris flows were typically initiated in surges. In a 
specific sub-watershed, debris flows might vary in 
moisture content and volume from surge to surge 
during a rainfall event. Partly saturated flows were 
frequent in the sub-watersheds for high channel 
gradients (>20°). Their mobility was facilitated by 
coalescence of multiple surges, formation of lateral 
levees, and existence of excess pore fluid pressure. 
Initiation of debris flow is a complex process in the 
Jiangjia Gully. To quantitatively reveal the process, 
instruments need to be installed in typical sub-
watersheds in future to measure rainfall, soil moisture, 
flow depth and velocity to capture the whole process 
from mass movement on hillslopes to sediment 
transport in channels. 
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