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A B S T R A C T

Debris flows are among the most destructive natural processes to affect areas of mountainous terrain. Debris flow
formation involves watershed-scale processes of hydrology and material supply. This study explored both pro-
cesses based on long-term monitoring data from the Jiangjia Gully in southwestern China. Based on hydrological
simulations, we found that the debris flows formed as “normal” or “abnormal” hydrological processes. The
former, with normal time lag τ and normal peak discharge Qmax, formed as a typical hydrological process in
which slope failure material was mixed instantaneously with channel runoff. Conversely, the latter, with longer
time lag τ and/or abnormal discharge Qmax, formed through blockage and outburst associated with landslides.
We found that the different types of debris flow required similar rainfall conditions and that the threshold could
be expressed as I= 6.25 D−0.73 (0.5 ≤ D≤ 14.5 h). Furthermore, we established that rainfall pattern influences
debris flow occurrence, that is, such events are more likely during short-duration rainfall. The findings of this
study highlight the significance of soil supply to the process of debris flow formation via random disturbance of
the normal hydrological process.

1. Introduction

Debris flows, which occur frequently in mountainous catchments,
are triggered by rainfall and are supplied with material from slope
failures, landslides, rockfalls and fluvial sediment transport. As ob-
served around the world, debris flows generally move in the form of
surges (for example, Marchi et al., 2002; McCoy et al., 2012; Navratil
et al., 2013; Hürlimann et al., 2014; Cui et al., 2018) that appear as a
wave-like motion of high-density liquid with a certain volume and
shape. As observed in Jiangjia Gully (JJG), a well-known debris flow
catchment in southwestern China, each debris flow event comprises
tens or hundreds of separate surges that have different discharges,
densities and material contents. The findings of previous investigations
of the spatiotemporal characteristics of surges within events (Wu and
Kang, 1993; Li et al., 2003, 2004, 2008; Liu et al., 2008; 2009) suggest
that surges should develop in a system with certain underlying dy-
namics that might include both deterministic and stochastic compo-
nents (Hallerberg et al., 2007).

Many factors and mechanisms have been proposed that might op-
erate to produce surge waves, such as the structure, fluid instability and

roll waves of debris flows (Weir, 1982; Ng and Mei, 1994; Wan and
Wang, 1994; Hungr, 2000). Such theories originate from the perspec-
tive of flow movement and ignore the formation processes. However,
observations indicate that successive surges have different properties;
thus, as they are likely to originate from multiple sources, they cannot
be described using a single flow model. As illustrated by processes on
individual slopes (Guo et al., 2016a), intermittent and random failures
might supply materials to debris flows in a process that leads naturally
to separate surges. Thus, the formation mechanism of surges should be
traced to the sources throughout a watershed.

Although monitoring on debris flow formation in headwater regions
has been undertaken recently (for example, Marchi et al., 2002;
McArdell et al., 2007; Hürlimann et al., 2014, 2019; McCoy et al., 2012;
Navratil et al., 2013; Comiti et al., 2014; Cui et al., 2018; Theule et al.,
2018; Coviello et al., 2019), and records of rainfall and related flows
have helped reconstruct scenarios of debris flow occurrence, real-time
formation processes have rarely been observed. This is understandable
considering the risks and difficulties associated with obtaining field
observations during an actual debris flow event.

Although debris flow discharge can be inferred from the rainfall and
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the material supplies, building such a reliable calculation method re-
quires accurate and long-term monitoring of the involved parameters at
an appropriate spatial scale and frequency. In practice, such monitoring
typically encounters two great difficulties. First, rainfall has high spatial
variability in mountainous valleys, which means that a single gauge
cannot reflect local rainfall events, even within the confined region of a
specific watershed (for example, Nikolopoulos et al., 2014, 2015; Guo
et al., 2016b, 2016c; Cui et al., 2018). Second, a debris flow surge is a
sudden event of short duration (usually lasting no longer than a few
dozen seconds), which makes physical monitoring of such events pro-
blematic. Because of these difficulties, it can be hard to determine both
the precise time of occurrence of a surge and the triggering rainfall,
which hinders investigation of the process of debris flow formation.
Fortunately, both long-term records of rainfall from widely distributed
gauges and observations of debris flows in JJG have made it possible to
trace the related hydrological processes and material supplies of debris
flow events. The objective of the present study was to provide a com-
prehensive picture of surge formation based on 36 debris flow events, to
illustrate how a surge develops as material sources respond to different
rainfall amounts over an entire catchment.

2. Study area and data source

2.1. General introduction of JJG

Debris flow events occur frequently in JJG (approximately 10 events
per year) and each event comprises tens or hundreds of separate surges,
which makes the gully an ideal location for real-time monitoring of
debris flows (for example, Davies, 1986, 1990; Li et al., 2003, 2004,
2008; Chen et al., 2005; Cui et al., 2005; Kang et al., 2006; Liu et al.,
2008, 2009). Since its establishment in the 1960s, the Dongchuan
Debris Flow Observation and Research Station, operated by the Chinese
Academy of Science, has compiled a huge database of debris flows,
which includes information on more than 500 events.

The watershed (Fig. 1) is located to the east of the Xiaojiang fault
and is characterized by intense tectonics. The watershed is 48.6 km2,
and about 80% of the exposed rocks are highly fractured and mildly
metamorphosed. Debris flows always occur in the rainy season (early
June to late September) and the average annual rainfall ranges between
400 and 1000 mm. The length of the mainstream channel is 15.5 km,
and it comprises three sections: (1) the erosion zone (length: 10.0 km,
average gradient: 17.0°), (2) the transport zone (length: 1.3 km, average
gradient: 5.1°) and (3) the deposition zone (length: 4.2 km, average
gradient: 3.7°) (Cui et al., 2005).

From the perspective of debris flows, JJG is a rather large valley. In
such a watershed, a debris flow is not a full-valley process; rather, every
surge originates only from certain tributaries depending on the spatial
distribution and activity of potential source slopes. As the monitoring
section is located near the station (Fig. 1), this study focused on the
areas upstream of the section.

Currently, the principal material sources are distributed mainly in
Menqian Gully (Fig. 1), where colluvium is distributed widely on the
slopes and in the channels. There are three major tributaries in Menqian
Gully, all of which have deep-cut channels with unstable slopes and
broken rocks, and landslides in the source regions. Although the tri-
butaries in the southern Duozhao Gully are also mantled with highly
weathered rocks, check dams control the formation of debris flows.

2.2. Data source

2.2.1. Rainfall monitoring
Monitoring of rainfall in source areas is fundamental for predicting

debris flow occurrence. For this purpose, 10 rain gauges have been
installed in JJG, of which four (R1–R4) are located within or near the
major source area (Menqian Gully; Fig. 1). These gauges measure
rainfall using a 0.1-mm tipping bucket and the data are transmitted in

real time via the General Packet Radio Service.
Debris flow monitoring
In the following, the term “flow” includes both water flow and

debris flow. Generally, “water flow” is difficult to monitor because of
natural shifting of the riverbed and damage by frequent debris flows.
Therefore, debris flows are the monitoring objective in JJG. For this
study, debris flow parameters were measured manually and recorded at
the monitoring section (Fig. 1). The appearance time of a debris flow
front surge (T1), end time of the overall debris flow event at the mon-
itoring section (T2), duration (Df) and surge number (N) were recorded
directly. The flow velocity (v) was determined using a stopwatch to
measure the duration of the passage of the flow front through two
sections within a 200-m-long channel (Fig. 2a), and flow height (h) and
width (W) were estimated by experienced experts. The discharge (Q)
was calculated using the expression Q = vh. Notably, this v is regarded
as the velocity of the debris flow body, rather than the surface velocity.
Additionally, samples of the moving debris flow bodies, which were
collected using a volume-calibrated sampling container controlled by
electronic devices (Fig. 2b), were used for density (ρ) and volume se-
diment concentration (CV) analyses.

2.2.2. Data processing
This study considered data acquired from all 36 debris flows that

occurred between 2006 and 2017 (Table 1). Information on one debris
flow event as an illustration of the records of individual events is pro-
vided in Table 2. Each debris flow event comprised intermittent surges,
continuative flows between the surges and the tail after the end of all
surges. During the research period, the highest and lowest numbers of
surges recorded in a single event were 98 and 3, respectively.

Each surge lasted approximately 10 s and the interval between
surges ranged from tens to hundreds of seconds. The flows were typical
high-density viscous debris flows with evident fronts and tails. The
density of the surge flows was generally greater than 2.0 g/cm3 with
high concentration of fine particles. The discharge of the surges fluc-
tuates by up to three orders of magnitude from < 10 to greater
than 1000 (2262.5) m3/s.

Continuative flows generally occurred between two surges or per-
sisted for longer than 0.5 h as a tail after the surges and their discharge
was always < 10 m3/s. The density of the continuative flow was also
as high as 1.7 g/cm3 and even greater than 2.0 g/cm3 in some cases.

3. Activity of source material in the headwater regions

Field observations and photos shot by an unmanned aerial vehicle
revealed that debris flows are potentially initiated by landslides,
shallow slope failures, coalescing slope rills and erosion of loose slo-
pe–channel materials in tributaries. Here, Menqian Gully is taken as an
example for introduction of source material activities (Fig. 3a).

Landslides are the main source type in the headwater region of the
three tributaries. The mechanism via which rainfall infiltration can
initiate shallow landslides is well known (Reid et al., 1988; Iverson
et al., 1997, 2000). The landslides generally occur with heights of
30–200 m from the lowest channel to the top trailing edge on steep
slopes of 35°–40° (Fig. 3b). Although not necessarily observed specifi-
cally, head erosion caused by landslides is known to be very active
because farmland above the top edge of the landslides retreats mark-
edly each year. In addition to the headwater region of the tributaries,
landslides are also distributed densely along the channels in the up-
stream region of Menqian Gully (Fig. 3c). The gradients vary on the
slopes above the channels (Fig. 3d). The upper sections with gradients
of 20°–30° are covered with sparse shrubs and grass. Middle sections are
covered by loose soils on slopes of 25°–30°. The shallow soils and steep
gradients on the upper parts facilitate rainfall infiltration and surface
runoff generation. The bedrock, which comprises mainly fragile Phyl-
lite, is exposed on the lower sections with gradient of 35°–40°. The
weathered rock surfaces are seriously eroded by upper runoff, and the
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interflow stimulates translational landslides. The bottom of the slopes is
generally loose colluvium with a natural angle of around 30°. Intense
channel runoff during rainstorms also plays an important role through
erosion of the slope colluvium, which increases slope instability and
stimulates failure.

Along the channels, shallow slope residue and surface rill erosion
frequently provide ubiquitous supply to the flow. The slopes, which are
highly weathered and soil-mantled, are covered with deluvium (com-
prising gravels and clay particles) that is “ready” to fail under any
circumstance (Fig. 3e). Slope rill formation is largely dependent on the
local hydrological response of the various hillslope materials on the
high steep slopes above the talus. The heads of the rills are largely
exposed bedrock on steep slopes. As the slopes are naturally uneven in
their lower part, the rills are formed by a combination of overland flow
from relatively impermeable materials and lateral flow through highly

permeable materials. During periods of rainfall, intense precipitation in
upstream areas causes a “firehose effect” by turning slope sediments
into flow that deeply incises the channel and causes lateral erosion
along the rills, which are predominately lined with fragile bedrock (Coe
et al., 1997; 2008; Griffiths et al., 2004; Godt and Coe, 2007). The
materials are deposited lower on the fans and downslope in the stream
valleys. Although the material volume of each rill is relatively small, the
dense distribution of the rills (for example, seven rills concentrated on a
200-m-wide slope) means that the fans combine to form a large deposit
region in the channel (Fig. 3f).

The tributaries also act as crucial contributors to debris flow for-
mation in the main channel. In the following, a right-hand small tri-
butary with area of 0.3 km2 is taken for illustration. The upper region of
the tributary is covered by sparse grass on a slope of 20°–25°, which
concentrates the overland flow during periods of rainfall. The debris

Fig. 1. Topographic map and location of monitoring stations in Jiangjia Gully.

Fig. 2. Pictures illustrating the method for assessment of debris flow velocity measurement and sampling.
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Table 1
Information on debris flow events monitored during 2006–2017.

No. Date T1 (h:min) T2 (h:min) Df (h) N Qmax (m3/s) RG T1/(h:min) τ (h) DM DT

1 2006-7-5 2:33 7:30 4.94 36 759.6 R1 0:15 0.4–1.6 II b
2 2006-7-6 3:35 8:30 4.92 51 470.4 R1 2:16 0.5–1.3 II b
3 2006-8-15 21:59 23:59 1.99 14 57.4 R1 17:46 0.7–1.2 I a
4 2006-8-20 23:45 8:00 8.25 79 494.0 R3 18:46 0.8–1.6 II b
5 2007-7-10 4:20 7:00 2.65 8 5.6 R2 23:37 0.8–2.2 I a
6 2007-7-24 6:30 10:00 3.50 24 272.7 R1 0:00 1.7–2.0 II c
7 2007-7-25 2:36 12:00 9.40 98 1358.3 R2 20:22 1.0–1.6 II b
8 2007-7-25 14:24 18:30 4.10 62 2262.5 R1 10:56 0.3–0.7 II b
9 2007-7-30 5:40 8:00 2.33 8 3.2 R2 1:55 1.0–1.4 I a
10 2007-8-11 14:27 16:00 1.54 11 4.9 R3 11:40 1.0–1.3 I a
11 2007-9-14 1:30 10:30 9.00 15 95.8 R1 19:44 0.65–0.85 I a
12 2008-7-1 15:55 18:00 2.07 32 184.8 R4 4:25 0.6–1.6 I a
13 2008-7-5 6:26 11:00 4.55 58 366.4 R2 3:39 0–0.8 II b
14 2008-7-11 6:48 12:00 5.20 67 335.0 R4 6:18 0–0.5 II b
15 2008-7-11 17:45 21:00 3.25 4 6.0 R4 17:08 0.3–0.5 I a
16 2008-7-22 5:00 9:00 4.00 25 100.0 R3 22:55 0.2–0.5 I a
17 2008-7-31 0:15 3:00 2.75 3 2.4 R1 20:58 0.2–2.5 II a
18 2008-8-3 4:50 8:00 3.17 6 5.5 R1 0:11 0.3–0.8 I a
19 2008-8-3 22:35 3:00 4.41 12 347.4 R2 16:48 2.0–2.7 II c
20 2008-8-4 15:37 20:00 4.38 12 437.0 R1 10:04 0.5–1.0 II b
21 2008-8-5 14:04 21:00 6.92 29 896.4 R4 13:29 0.3–0.6 II b
22 2008-8-8 3:02 9:00 5.96 30 1118.4 R1 12:03 0.8–1.0 II b
23 2008-8-11 2:33 5:00 2.44 9 118.3 R4 23:35 0.5–1.2 I a
24 2008-8-17 19:00 22:00 3.00 3 4.1 R2 13:23 0.3–2.1 I a
25 2009-8-4 5:24 9:00 3.60 41 194.8 R1 2:18 0.3–0.8 I a
26 2010-7-6 5:23 9:00 3.62 12 59.3 R4 0:00 0–0.7 I a
27 2010-7-17 20:39 1:00 4.34 55 256.5 R2 19:21 0–0.8 II b
28 2010-7-22 19:15 23:00 3.74 30 82.6 R2 13:14 2.3–2.5 II c
29 2010-7-24 19:00 21:00 2.00 5 8.5 R4 14:05 0.3–0.7 I a
30 2010-8-5 5:51 9:00 3.14 5 1370.8 R3 18:48 10.3–10.9 II c
31 2010-9-10 3:26 7:00 3.56 34 209.4 R4 1:39 0.7–1.6 I b
32 2013-6-7 3:45 9:00 5.24 36 357.0 R3 1:37 0.8–2.1 II b
33 2014-6-6 8:10 11:00 2.82 33 630.8 R3 0:56 2.8–7.2 II c
34 2014-6-24 5:25 9:00 3.58 19 525.6 R1 22:51 2.7–6.1 II c
35 2017-7-3 1:38 5:30 3.87 51 358.6 R4 22:09 0.3–1.3 II b
36 2017-7-7 3:50 8:00 4.15 38 534.4 R2 1:11 1.6–2.2 II c

T1: debris flow appearance time at the monitoring section; T2: debris flow ending time at the monitoring section (h:min); Df: debris flow duration; N: surge number;
Qmax: maximum discharge; RG: rain gauge used in this work; T1/: rainfall start time; τ: time lag of rainfall peak time and T1; DM: debris flow formation mode; DT:
debris flow discharge type, I and II represent normal and abnormal types, respectively. T1, T2 and Df are measured using stopwatch.

Table 2
Specific information of each surge of the debris flows in Jiangjia Gully (taking the 2007-7-24 event as an example).

Surge No Flow type Front time Ending time h (m) W (m) v (m/s) Q (m3/s) ρ (g/cm3) CV Duration (s)

1 Intermittent surge flow 6:30:16 6:30:26 0.3 1.0 3.61 1.1 2.00 0.61 10
2 Intermittent surge flow 6:33:36 6:33:44 0.3 1.5 3.38 1.5 2.00 0.61 8
3 Intermittent surge flow 6:35:59 6:36:13 0.3 1.5 4.21 1.9 2.00 0.61 14
4 Intermittent surge flow 6:37:55 6:38:05 0.3 2.5 3.95 3.0 2.00 0.61 10
5 Intermittent surge flow 6:41:43 6:41:51 0.4 4.0 3.71 5.9 2.00 0.61 8
6 Intermittent surge flow 6:49:01 6:49:10 0.5 6.0 4.49 13.5 2.00 0.61 9
7 Intermittent surge flow 6:51:22 6:51:31 0.4 5.0 3.74 7.5 2.00 0.61 9
8 Intermittent surge flow 6:55:02 6:55:10 0.3 4.0 3.62 4.3 2.00 0.61 8
9 Intermittent surge flow 6:59:41 6:59:51 0.3 5.0 4.93 7.4 2.00 0.61 10
10 Intermittent surge flow 7:08:55 7:09:05 0.6 15.0 4.54 40.9 2.00 0.61 10
11 Intermittent surge flow 7:11:47 7:11:58 0.3 2.0 3.17 1.9 2.00 0.61 11
12 Intermittent surge flow 7:21:42 7:21:54 0.4 30.0 3.32 39.8 2.15 0.70 12
13 Intermittent surge flow 7:25:05 7:25:22 0.4 20.0 3.17 25.4 2.15 0.70 17
14 Intermittent surge flow 7:34:48 7:35:04 0.7 80.0 4.87 272.7 2.20 0.73 16
15 Intermittent surge flow 7:40:18 7:40:28 0.3 10.0 3.17 9.5 2.15 0.70 10
16 Intermittent surge flow 7:44:36 7:44:46 0.6 80.0 4.00 192.0 2.20 0.3 10
17 Intermittent surge flow 7:47:53 7:48:03 0.4 40.0 3.54 56.6 2.20 0.73 10
18 Intermittent surge flow 7:50:52 7:51:03 0.2 8.0 2.85 4.6 2.10 0.67 11
19 Intermittent surge flow 7:56:45 7:56:55 0.7 80.0 4.10 229.6 2.20 0.73 10
20 Intermittent surge flow 7:59:01 7:59:20 0.4 40.0 3.97 63.5 2.20 0.73 19
21 Continuous flow 8:07:06 8:30:00 0.3 3.0 3.00 2.7 2.00 0.61 1374
22 Continuous flow 8:30:00 9:00:00 0.2 1.5 2.50 0.8 1.93 0.56 1800
23 Continuous flow 9:00:00 9:30:00 0.2 1.0 2.00 0.4 1.80 0.49 1800
24 Continuous flow 9:30:00 10:00:00 0.2 1.0 1.80 0.4 1.75 0.46 1800

h: flow height; W : flow width; v: flow velocity; Q: flow discharge; ρ: flow density; CV: volumetric sediment concentration.
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flow head region is a funnel-shaped trough, formed by head-erosion-
related landslide failure. The landslides are caused by the combination
of rainfall infiltration and the lateral and incised erosion of upstream
runoff (Fig. 3g). The channel is very steep and has a gradient similar to
that of the slope, that is, 20°–25°. Along one side of the channel, small
rills are densely developed on weak Phyllite bedrock outcrops; on the
other side, loose weathered clastic particles accumulated widely on the
slopes. These materials represent a nearly unending supply for debris
flows. The severe deeply incised and lateral erosion significantly ag-
gravate the aforementioned slope failures (Fig. 3h). The formed debris
flow fan has length of about 70 m, which is sizable considering the
relatively small area of the tributary. We inferred that debris flows
historically blocked the channel, not only because the debris flow fan
extends more than 100 m downstream in the main channel (Fig. 3i), but
also because similar debris flow residues are evident on the other side of
the river. The debris flow source supply and formation process are ra-
ther typical of tributaries in this region, that is, a steep slope, deep-cut
channel, erodible slope surface and fragile exposed bedrock.

Although debris flows in the tributaries represent part of the flows
formed in the main channel, the main processes differ because of the
different controlling factors, such as channel slope conditions. In the
tributaries, vertical and lateral erosion are intense; therefore, the debris
flows formed move downstream quickly in response to the straight and
steep channel conditions. Conversely, the channel-blocking phenom-
enon, which reduces the extent of vertical incision via changing the
channel undulation, is evident in many sections in Menqian Gully. The
formation of a landslide/debris flow dam relies on the material prop-
erties (such as volume, velocity and composition), runoff features (such
as discharge, velocity) and interactive conditions (such as deflection/
confluence angle) (Dal Sasso et al., 2014; Fan et al., 2014; Chen et al.,
2019). Nevertheless, in upstream areas, the considerable volume of the
failure bodies, narrow channels (widths of only several meters) and
direct interaction represent ideal conditions for instantaneous landslide
blockages in the channel (Fig. 3c). Furthermore, in downstream areas,
blockages of tributary debris flows are very obvious and serious, not
only in terms of their spatial distribution, but also with respect to their

frequency of occurrence. For example, five cascaded debris flow fans
were found in a 1.0-km channel section, several of which were closely
connected (Fig. 3j); moreover, the vertical stratification of the fans
showed that they were not formed by a single debris flow event. The
failures processes of cascaded fan bodies are rather complex, which
means it is difficult to determine their exact breaking time and mag-
nitude (Cui et al., 2013).

Overall, the source materials of debris flows are distributed spatially
throughout Menqian Gully, from the headwater region to the outlet
(Fig. 1). We estimated that the debris flow source area is 9.4 km2, ac-
counting for around 73% of the entire area of Menqian Gully, which can
be regarded as an unlimited supplier for producing debris flows. The
abundant quantity of material and the diversity of supply modes result
in a process of debris flow formation that is extremely sensitive to
rainfall, in which the water requirement in the tributaries is reasonably
low. It has been observed that debris flows can move at almost any time
in small tributary channels, even with negligible water discharge, such
as spring water.

4. Hydrological process related to debris flows

4.1. Identification of rainfall responsible for debris flows

As a debris flow forms from multiple sources in the tributaries and
rainfall is distributed unevenly over the valley, it is difficult but fun-
damentally important to identify the rainfall responsible for debris flow
occurrence. This involves determining where and at what time the flow
begins. This can be achieved by comparing recorded surges and rain-
falls and the spatial correlation between potential material sources and
rainfall distribution.

The initiation time influences the determination of the rainfall event
responsible for the flow (that is, the inducing rainfall amount and
triggering intensity over 10 min, 30 min and 1 h), which ultimately
influences the analysis of rainfall thresholds and flow formation pro-
cesses. In fact, the initiation time is seldom known with precision; in
most cases, the triggering time is assumed as the instant at which the

Fig. 3. Source materials and activities in Menqian Gully.
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rainfall reaches maximum intensity (Iadanza et al., 2016). In this case,
observations indicate that most occurrences (25/36) happened at
rainfall intensities < 5 mm/h but with peaks in the tens of minutes
prior to debris flow occurrence; thus, this peak period was taken as the
rainfall period responsible for debris flow occurrence.

As rainfall is highly heterogeneous, even gauges R1–R4 in Menqian
Gully, which are 2 km apart, present spatial variations; therefore, the
rainfall recorded at the different gauges plays different roles in flow
formation. Generally, the rainfall recorded at the four gauges presents
the following features (Fig. 4).

1) Rainfall is very small (for example, < 5 mm/h) except for one or
two gauges (for example, greater than10 mm/h). The area(s) neigh-
boring the exceptional rain gauge(s) could be regarded as the most
likely potential debris flow source and thus the data from the gauge(s)
were taken to represent the rainfall responsible.

2) Rainfall is uniform (for example, close to 10 mm/h). All slopes
could be considered potential source areas and therefore the arithmetic
mean value was used.

3) Rainfall recorded by all gauges was considerable (for ex-
ample,> 15 mm/h). All slopes were considered the source region of
debris flow initiation, but the minimum value of the rain gauges was
used to attempt to identify thresholds.

Fig. 4. Diagrams illustrating identification of rainfall responsible for
debris flows

Using this determination method, the gauges used for a debris flow
were identified as listed in Table 1 (RG). It must be admitted that this
identification is not a systematic procedure but relies on experience and

on knowledge of debris flow formation processes. However, this is
unavoidable, and the error could be controlled to a certain extent
through consideration of the universal regulation derived from using
more than 30 events that provided actual rainfall cases with spatial
differences. The key point is that both the rainfall amount threshold for
debris flow initiation and the time lag from peak rainfall to debris flow
appearance (discussed in the following) can be quantified based on this
temporal and spatial identification procedure.

Based on determination of the location and initiation time of a
debris flow, the characteristics of the rainfall event can be estimated
from the available rain gauge data. The following indices are of special
interest.

1) Inducing rainfall (RI, mm): the cumulative rainfall from the begin-
ning of the rainfall event to the time of debris flow occurrence.

2) Mean inducing rainfall intensity (I, mm/h): obtained by dividing the
inducing rainfall (RI) by the duration from the beginning of the
rainfall event to the time of debris flow occurrence (D).

3) Triggering rainfall (RT, mm): the direct triggering rainfall in 1-h, 30-
min and 10-min periods.

4) Antecedent rainfall (Ra, mm): the weighted sum of rainfall days
prior to the occurrence of a debris flow, which can be defined as
(Cui et al., 2007; Guo et al., 2013, 2017):

∑=
=

R R K( )a
i

n

i
i

1 (1)

where Ri is the daily rainfall in the preceding n days, i designates the
exact number of days prior to the debris flow incident (1 ≤ i ≤ n), and
K is a decay coefficient of the i-th day. Suggested values for K and n are
0.8 and 10, respectively.

Statistical information of the rainfall is listed in Table 3. Among
other factors, inducing rainfall (RI) and triggering rainfall (RT) are the
direct causes of debris flow occurrence (Guo et al., 2016c, 2017). It is
evident that the value of each rainfall factor varies markedly; for ex-
ample, the inducing rainfall amount varies from 5.1 to 58.4 mm, and
the triggering 10-min, 30-min and 1-h rainfall varies in the ranges
1.1–15.3, 3.0–27.4 and 5.1–50.8 mm, respectively. This indicates the
difficulty of predicting debris flows based on a single parameter and
reveals that the triggering condition is highly uncertain. Therefore, the
reasons for debris flow occurrence should be investigated comprehen-
sively.

4.2. Hydrological calculation for water flow estimation

On the watershed scale, a debris flow is considered a product of a
rainfall induced hydrological process involving the supply of soil ma-
terial. This involvement influences the flow discharge, density and time
of peak discharge. From a hydrological perspective, the discharge and
time lag from peak rainfall to debris flow appearance at the monitoring
section appear to take special roles in reflecting the runoff yield and
flow influx processes. Notably, shallow soil failures and rill erosions
contribute primarily to frequent “normal” debris flows, whereas a
landslide/debris flow dam-outburst usually results in a catastrophic
(“abnormal”) debris flow, according to the classification of Bardou and
Jaboyedoff (2008). A normal hydrological process is water-dominated
and the debris flow hydrograph comprises water and instantaneous
sediment volume. In an abnormal debris flow, the time lag might be
longer than normal and the peak discharge would be amplified con-
siderably because of the blockage outburst, as observed in many other
sites (Cui et al., 2013; Zhou et al., 2013, 2015).

In this watershed, a combined rainfall–runoff and routing method
was used to estimate the maximum water flow because data on water
flood discharges are unavailable. This method has also been applied in
related previous research (Lumbroso and Gaume, 2012; Capra et al.,
2018). First, the rainfall was interpolated using the Thiessen polygon

Fig. 4. Diagrams illustrating identification of rainfall responsible for debris
flows (a. the areas neighboring R2 and R3 are regarded as the most likely po-
tential source of debris flows; b. all slopes are considered potential source areas,
and the arithmetic mean value was used; c. all slopes were considered the
source regions, and the minimum value of the rain gauges were used.)
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method and the watershed was divided into subregions based on units
of slope. Then, for each slope subregion, the runoff yield was calculated
based on the US Soil Conservation Service (SCS) Curve Number (CN)
method (SCS, 1985; Mishra and Singh, 2003). In the SCS method, the
volume of water runoff produced is estimated through the single
parameter CN, which summarizes the influence of both superficial as-
pects and deep soil features including the saturated hydraulic con-
ductivity, type of land use and humidity before the precipitation event.
We suggest that the larger the value, the greater the runoff yield.
Generally, CN values are identified via a lookup table from the hand-
book (SCS, 1985). The kinematic wave routine method was used to
simulate the propagation and influx process of the water flow.

4.3. Validation of the hydrological calculation

Validation of the results for water flow was rather difficult because
of the lack of measurements of water flood discharges. In recent studies,
validation was performed by comparing the time of the peak of the
simulated hydrograph with the time of detection of debris flow occur-
rence at monitoring stations at other sites (Lumbroso and Gaume, 2012;
Capra et al., 2018). In this work, the validation process not only com-
pared the time lag τ, also compared the total water flow amount.

Time lag
The time lag (τ) from the time of the triggering rainfall to debris

flow appearance at the monitoring section is a principal index that
represents the propagation process. After identification of the rainfall
responsible for a debris flow, the time lag (τ) can be analyzed through

comparison of the rainfall and surge hydrograph. The results indicate
that time lag τ generally falls within the range of 30 min to 1.1 h
(average: 50 min, Table 1), depending on the material supply and flow
influx processes.

This lag is therefore considered a key parameter for distinguishing
normal and abnormal events. For normal cases, we inferred that the
peak rainfall period is within 1 h of debris flow appearance. However,
in some abnormal cases, the lag is much longer, as listed in Table 1. For
example, the 2010–8-5 debris flow captured at the monitoring section
at 05:51 (all times given are local time) occurred 10.5 h after the peak
rainfall and even 10 h after the rain stopped, which indicates that the
debris flow was not an instant response to the rainfall. The hydrological
simulation is unsuitable under such circumstances. Therefore, the si-
mulation and validation of water flow were performed only for events
with a normal time lag (that is, ≤1h).

Total water flow volume
Because the debris flow surges rather than the real water flow hy-

drographs were measured directly, the calculation of the total water
amount should be explained. As shown in the generalized sketch
(Fig. 5a), a monitored debris flow hydrograph comprises several dis-
continuous surges together with continuative flows between the surges,
and continuative flows appear as tails after the surges have ended. For
continuative flows between two surges that were not completely re-
corded, we assumed that they had discharge Qd and CV values similar to
those of the first continuative flow after all surges had ended. The total
volume of a surge is simplified as a triangle-shape because the dis-
charges of the debris flow front and tail are different, whereas a

Table 3
Rainfall conditions responsible for debris flow occurrence.

Date N Qmax (m3/s) RI (mm) RG D (h) I (mm/h) Ra (mm) Rmax-1h (mm) Rmax-30 min (mm) Rmax-10 min (mm)

2006/7/5 36 759.6 25.1 R1 2.25 11.2 15.3 14.5 8.8 5
2006/7/6 51 470.4 18.9 R1 0.67 28.2 32.6 18.9 12.8 6.2
2006/8/15 14 57.4 30.6 R1 5.5 5.6 19.6 27.9 27.4 14.7
2006/8/20 79 494 10 R3 6.5 1.5 8.6 5.3 5.3 3.4
2007/7/10 8 5.6 29 R2 8.5 3.4 13.5 13.2 7.7 5.3
2007/7/24 24 272.7 18.3 R1 6 3.1 25.2 7.9 4 1.7
2007/7/25 98 1358.3 33.8 R2 5.67 6 23.5 15.3 10.6 5.3
2007/7/25 62 2262.5 58.3 R1 4 14.6 33.3 11.6 10.5 4.8
2007/7/30 8 3.2 21.5 R2 3.4 6.3 33.2 14.1 6.6 4.5
2007/8/11 11 4.9 15.8 R3 2.67 5.9 5.1 13.4 8.2 4.4
2007/9/14 15 95.8 18.2 R1 5.25 3.5 18.1 11.7 6 3.8
2008/7/1 32 184.8 24.1 R4 10 2.4 10.8 15.2 8.5 6.5
2008/7/5 58 366.4 14.1 R2 2.33 6.1 16.6 14.1 12.1 5.6
2008/7/11 4 6 5.1 R4 0.5 10.2 14.2 5.1 5.1 4.1
2008/7/11 67 335 17.7 R4 0.5 35.4 9.8 17.7 17.7 11.7
2008/7/22 25 100 25.6 R3 5.5 4.7 13.5 12.8 11.2 9.4
2008/7/31 3 2.4 29.1 R1 3 9.7 10.8 18.9 17.3 12.4
2008/8/3 6 5.5 18.6 R1 4.3 4.3 21.6 14.9 8.8 4.3
2008/8/3 12 347.4 28.6 R2 5.2 5.5 40.2 26.4 22.4 8.7
2008/8/4 12 437 11.3 R1 3.5 3.2 21.6 10.6 10.3 6.4
2008/8/5 29 896.4 9.4 R4 0.5 18.8 61.3 9.4 9.4 4.7
2008/8/8 30 1118.4 30.9 R1 14.5 2.1 40 5.6 3 1.1
2008/8/11 9 118.3 8.3 R4 2.4 3.5 37.5 7.1 4.8 3
2008/8/17 3 4.1 13 R2 4.8 2.7 18.2 6.5 5 2
2009/8/4 41 194.8 31 R1 2.7 11.5 53.4 24.6 19.6 11
2010/7/6 12 59.3 21.5 R4 5 4.3 10.8 18.4 15.4 9.6
2010/7/17 55 256.5 18.8 R2 1 18.8 8.1 19 15.6 11.9
2010/7/22 30 82.6 12.3 R2 3.7 3.3 13.5 11.3 11.3 10.6
2010/7/24 5 8.5 9.7 R4 3.1 3.1 25.2 9.3 9.3 8.1
2010/8/5 5 1370.8 25.8 R3 1.9 13.6 29 24.4 22.7 15.3
2010/9/10 34 209.4 42.4 R4 1 32.6 10.8 41.9 13.4 6
2013/6/7 36 357 58.4 R3 1.7 34.4 13 50.8 15.4 7.7
2014/6/6 33 630.8 36.1 R3 8.2 4.4 17.8 10.1 5.3 3.4
2014/6/24 19 525.6 25 R1 6 4.2 26.6 7.1 5.5 3.8
2017/7/3 51 358.6 35.2 R4 3 11.7 42 24.8 18.4 8.1
2017/7/7 38 534.4 31.1 R2 2.2 14.1 37.7 28.1 17.7 9.2

N: surge number; Qmax: maximum discharge; RI: inducing rainfall for debris flows; RG: rain gauge employed; D: rainfall duration from start of rainfall to debris flow
occurrence; I: mean rainfall intensity in period D; Ra: antecedent rainfall; Imax-1h: maximum rainfall amount in 1 h; Imax-30 min: maximum rainfall amount in 30 min;
Imax-10 min: maximum rainfall amount in 10 min.

X. Guo, et al. Journal of Hydrology 589 (2020) 125184

7



continuative flow is relatively steady and can be simplified as a rec-
tangle-shape for volume calculation. As a debris flow is a mixture of
water and soil, the water flow discharge (Qw) of each surge can be
estimated based on the debris flow discharge (Qd) using Eq. (2):

= −Q Q CV(1 )w d (2)

and the total amount is the integral sum of the surges and the fol-
lowing continuative flows.

Considering both the uncertainty in monitoring and the assumptions
in the data processing of the total water flow amount, an acceptable
error range of [−20%, 20%] was adopted. As shown in Fig. 6a, the
simulation errors are in the range of [−15.6%, 17.7%] with an average
value of 7.2%. The Nash–Sutcliffe efficiency coefficient is 93% and the
correlation coefficient is 96%. Meanwhile, the debris flow occurrence
time corresponds to the peak water discharge period (Fig. 6b). The
validation of flow propagation time and total flow amount verified the
parameters used in the hydrological calculation, which allowed the
simulation’s acceptable accuracy and provided a method with which to
assess any obvious abnormal relation between water flow discharge and
debris flow discharge.

4.4. Criterion for discriminating normal from abnormal events

The real ratio of debris flow discharge to water flow discharge is
generally under the upper limit value of 3.3, considering that the
measured CV is in the range 0.514–0.767. However, the conditions of
the ratio (ϒ) between the debris flow discharges and calculated water
flow discharges differed. This can help to distinguish normal from ab-
normal events. For instance, the 2013–6-7 event was used as a case

study to illustrate this ratio (Fig. 7). It was selected because it had the
highest event rainfall (77.0 mm) and 1-h rainfall intensity (50.8 mm/h)
of all the studied events (as recorded at R2). Moreover, it also had
considerable antecedent rainfall of 34.4 mm during the 10-d period
prior to the event date. The actual value used to represent the real
runoff yield condition for peak discharge was approximately 90 m3/s.
The simulated peak flow time was 03:30–04:00 and the first debris flow
surge was monitored at 03:45. Additionally, we also used for reference
a value of CN = 90 for the entire watershed, which is very high and
almost impossible to achieve, especially for the high permeability of the
loose material of the soil surface in the source region. The result in-
dicates that the upper limit of runoff discharge in this watershed
(Fig. 7) was no greater than 120 m3/s. In this case, the potential
maximum value of debris flow discharge is in the range of 360–480 m3/
s, based on Eq. (2). The ratio ϒ is regarded as normal because the
monitored debris flow discharge was 357 m3/s.

In some cases, the upper limit of the simulated water flow peak
discharge was much smaller than the monitored debris flow discharges.
For instance, the simulated maximum Qw of the 2007–7-25 event was
53.8 m3/s and the monitored CV at the simulated peak water flood
period was in the range of 0.72–0.75, which indicates that the debris
flow discharge Qd was in the range of 192.1–215.2 m3/s. Additionally,
the potential maximum water flow (CN = 90) was 66.4 m3/s, which
indicates a debris flow discharge Qd with an upper limit of 265.6 m3/s.
However, the monitored peak discharge of Qmax = 2263 m3/s is much
higher than this value. In this circumstance, the relation is considered
abnormal because it does not reflect a normal hydrological process;
instead, it represents the outburst of blockage bodies in the upper
steam, which significantly amplify the discharge.

Fig. 5. Generalized sketch of the water flow discharge calculation.

Fig. 6. Simulation result of the hydrological model: (a) validation with the total water amount and (b) hydrograph of one case 2008-7-11 for illustration.
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The ratio ϒ of more than 50% of debris flows was greater than 3.3
(Fig. 8). The maximum ϒ was 15.6, which indicates a significant am-
plification effect.

5. Possible processes of debris flow formation

In this section, the hydrographs of some typical debris flow cases are
taken as examples with which to explain the hypothesis and the rainfall
conditions required are analyzed to indicate the formation processes.

5.1. Typical cases analysis

5.1.1. Events with normal τ and ϒ
As shown in Fig. 9, the rainfall in the 2009–8-4 event was con-

centrated between 04:30 and 05:45 and the debris flow appeared at the
monitoring section at 05:24. At the beginning of the event, the rainfall
peak started at R1 with a peak amount of 13.3 mm in 15 min

(04:32–04:46). This was followed shortly by a burst of rainfall at R4
(04:38–04:57) with a peak amount of 18.3 mm. Although the rainfall
recorded at R3 was smaller than at R1 and R4, the peak lasted long-
er—until 05:05—with 18.5 mm recorded in the previous 30 min. The
rainfall values recorded were all sufficient to induce debris flows ac-
cording to historical records (Guo et al., 2013). Therefore, it is difficult
to identify the exact time and location of the debris flow initiated
during 04:30–05:00. However, by comparing the rainfall and debris
flow processes, the time lag was identified as 36–54 min. The rainfall
continued over the gully; therefore, all the tributaries might have been
activated to supply materials. Even within the short peak period of
30 min, the alternate peaks in the different tributaries might have ex-
panded the region of debris flow initiation and extended the period of
slope failure, which potentially increased the number of surges and the
duration of the debris flow. The mean discharge of this debris flow was
60.6 m3/s with a peak of 194.8 m3/s. The debris flow surges persisted
until 06:18. Although the flow after this time was still a type of debris
flow, it was more representative of a tail that behaved as a continuative
flow with a much smaller discharge.

The hydrological simulation shows that the peak period of water
flow discharge concurred with debris flow occurrence, with a peak
value of 64.3 m3/s. The ratio ϒ was in the range of 1–3, which is rea-
sonable for a normal water–soil mixture. The debris flow formation
processes in the source region were not observed in situ; however, it can
be inferred that slope failures occurred continuously in all tributaries
and that the material became intermittently mixed with the water
flood.

5.1.2. Events with a normal τ and abnormal ϒ
The 2008–8-8 debris flow event (Fig. 10) accompanied rainfall of

long duration (32 h) and low intensity (< 6 mm/h) at each rain gauge.
However, it followed a considerable amount of antecedent rainfall
(40.0 mm according to R4) that fell on August 5–7. The debris flow was
monitored at 03:02 on July 9, approximately 14.5 h after the rainfall
began, and the front discharge was 73.4 m3/s. Eight surges were cap-
tured during 03:02–03:38, that is, one surge approximately every

Fig. 7. Calculated water flood discharge of the 2013-6-7 rainfall event.

Fig. 8. The ratio between the debris flow discharge and water flow discharge.
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4.5 min. Seven minutes later—at 03:45—the ninth surge discharge was
monitored to be 632.9 m3/s. This was followed by the 10th surge,
which had a discharge of 110.8 m3/s, at 03:46. The 11th–13th surges,
which had discharges of 515.5, 41.0 and 1118.4 m3/s, occurred at
03:55, 04:07 and 04:26, respectively. Subsequently, there were two

further large discharges, which lasted over 10 min and had discharges
of 445.6 and 534.5 m3/s.

This event did not represent a normal hydrological process because
the debris flow discharges (up to 1118.4 m3/s) were much higher than
the upper limit estimates (no more than 120 m3/s in this case), which

Fig. 9. Rainfall and debris flow processes on 2009-8-4.

Fig. 10. Rainfall and debris flow processes on 2008-8-8.
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indicates the occurrence of a blockage–breaking effect in the source
regions, although it was not monitored in situ. It seems that there was a
time lag for runoff accumulation, and that this time generally exceeded
7 min and up to 24 min, which suggests that failures of either landslides
or tributary debris flows blocked the channels before such accumula-
tion. In this case, the failures did not require high-intensity rainfall
because of the abundant antecedent rainfall condition. Assuming fresh
blockage bodies are sufficiently loose and prone to failure, the accu-
mulation time depends on the runoff discharge and the hydraulic in-
filtration process in the dam body. Such failures and blockage bodies in
the source regions could occur intermittently several times. This process
controls debris flow formation, which explains the appearance of the
surges.

Another case with a similar discharge profile was the 2008–7-11
event (Fig. 11), although this occurred following a short period of in-
tense rainfall. The rainfall was concentrated from 06:22–06:50 on July
11. The rainfall at R1 and R3 (20.8 and 20.5 mm, respectively) during
the 0.5-h period before the debris flow was much higher than at R2 and
R4, which indicates that the slopes of tributaries I and III were more
likely to become source areas. The first debris flow surge was monitored
at 06:58 with discharge of 168.1 m3/s. The second surge followed 3 min
later with discharge of 271.8 m3/s. Subsequently, further surges with
discharge greater than 100 m3/s appeared intermittently at intervals of
1 to several minutes, and the peak discharge of 335.0 m3/s was mon-
itored at 07:20. The intermittent surges persisted until 08:30, following
which continuative flow as a tail lasted until 11:00.

The recorded data show that the rainfall amount was small after
06:30, although the rainfall continued until 07:20. This is interesting
because debris flow surges with high discharge continued to appear
after this time. This suggests that channel runoff but not rainfall was the
causative factor of this debris flow. Therefore, in this case, the intense
rainfall during 06:22–06:50 caused the failures that formed the initial
debris flow, as confirmed by both the observed time lag of approxi-
mately 30 min and the hydrological calculation results. The calculated
peak water discharge was 55.2 m3/s, which indicates a reasonable soil

concentration rate. However, given that the ratio ϒ was much larger
than 3.3 for most of the time, repeated dam failures could have been the
principal reason for the subsequent surges. The maximum peak dis-
charge and numerous large discharges of greater than 200 m3/s, to-
gether with the long duration of the debris flow after the end of the
rainfall peak, support this inference.

5.1.3. Events with abnormal τ and ϒ
In the 2010–8-5 event (Fig. 12), the rainfall was concentrated

during 18:48–20:41 on August 4, and the rainfall recorded at R1 and R2
(18.9 and 25.3 mm, respectively) was much higher than at the other
two gauges (12.7 and 7.3 mm), which suggests that the areas with
greatest potential for slope failure were in tributaries I and II. The
debris flow was monitored at 05:50 on August 5; its discharge was
1370 m3/s. The time lag of almost 10 h was much longer than normal
and the discharge was much higher than a normal water flood. This
suggests that failures that might have occurred during or after the
rainfall event did not form debris flows immediately but instead
blocked the channels. This blocking was not realized at the monitoring
section because water flows originated normally from the other tribu-
taries in JJG. However, the blockage body eventually outburst and
formed a huge debris flow at 05:50 on August 5. The sole intermittent
surge and the following continuative flow suggest that the entire body
burst in one instant. The rainfall during the period 18:48–20:41 in
tributaries I and II induced blocking dam formation via landslides in the
upper stream/tributaries, and the constant upstream flow after the end
of the rainfall was the direct trigger of dam breaking and debris flow
formation in the main channel.

5.1.4. Multiple debris flows in one long-duration rainfall event
Sometimes multiple debris flows occur during a single rainfall

event, which highlights the diversity of debris flow formation types in
this watershed. These events are actually combinations of the three
types described above; for instance, the rainfall event of July 23–25,
2007 (Fig. 13) triggered three debris flow events that comprised 24, 98

Fig. 11. Rainfall and debris flow process on 2008-7-11 (debris flow appeared as a continuative tail flow with small discharge of 0.5 m3/s from 08:30–11:00).
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Fig. 12. Rainfall and debris flow process on 2010-8-5.

Fig. 13. Rainfall and debris flow processes on July 23–25, 2007.
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and 62 separate surges.
The first rainfall peak with an average amount of 11.8 mm was

distributed uniformly across the watershed during 03:15–05:30, and
the first debris flow event occurred at 06:30 on July 24, approximately
1.7 h after the peak 10-min rainfall. The initial several surge discharges
were small (that is, 2.0–9.5 m3/s); however, the peak discharge of
272.7 m3/s that appeared at 07:34—the fourteenth surge—indicated
the breaking of a small blockage body.

The second debris flow event was monitored at 03:53 on July 25,
approximately 1.3 h after the rainfall peak. The initial several dis-
charges were large (greater than200 m3/s) and the peak discharge was
1358.3 m3/s. The third event was monitored at 14:24 on July 25, ap-
proximately 0.4 h after the rainfall peak. Although this lag was rea-
sonably short, the first discharge of 2262.5 m3/s and the following
surges with relatively large discharges indicated that repeated breaking
of blockages was the mechanism of debris flow formation.

Another event occurred on August 3–5, 2008 (Fig. 14). The rainfall
began at 00:18 am on August 3, but with very low intensity observed at
all four rain gauges. The first peak appeared at 04:40 at R2 with
18.6 mm of rainfall in the following 1.2 h to 05:58. The rainfall amount
at R2 was much higher than at the other three gauges, which recorded
values no greater than 8.0 mm. This suggests the first small debris flow,
which was monitored at 04:50 and comprised five surges with peak
discharge of 21.4 m3/s, was induced by the rainfall in tributary II
during 04:40–5:58. This is representative of a normal hydrological
condition in that both the time lag and the peak discharge were rea-
sonable.

The second debris flow was monitored approximately 15 h after the
first ended (that is, at 22:35 on August 3). From Fig. 14, it can be seen
that the first surge was monitored approximately 1.3 h after the rainfall
peak of 22.1 mm during 20:50–21:38; the time lag was estimated at
1.3 h according to the 10-min rainfall process. The discharge of the first
six surges was small, that is, no more than 132.9 m3/s; however, the
seventh surge with discharge of 347.3 m3/s was indicative of dam

blocking. This debris flow lasted for 3.4 h and comprised 12 surges. It
was most likely to have originated following the rainfall in tributary III
because of the higher volume in this tributary compared with the
others.

The third rainfall peak was recorded at R1 and R2 with rainfall of
11.2 and 8.0 mm, respectively, during 14:10–15:20 on August 4, which
suggests that the debris flow was initiated by the rainfall in tributary I.
The debris flow was monitored 56 min later. The peak discharge was
437.0 m3/s and it occurred at 16:27, that is, approximately 2 h after the
rainfall peak. This indicates that the runoff accumulation took some
time to break the dam and increase the discharge. This debris flow
comprises 22 surges and it persisted for 3.4 h. After the peak surge, the
following surges were relatively small, that is, no greater than 25.4 m3/
s. Therefore, we inferred that the blockage body failed entirely before
16:27 and that the following surges were formed from residual soil
materials.

The fourth debris flow occurred on August 5, approximately 20 h
after the end of the third debris flow. The rainfall began at 13:22 at R1
and was subsequently concentrated over R1 and R3 during a 2-h period
with rainfall amounts of 13.8 and 15.0 mm, respectively. The debris
flow was monitored approximately 44 min after the peak rainfall, and
except for the initial several surges, the discharge of the surges was
reasonably large (peak discharge: 896.4 m3/s), which indicates the
existence of the blockage–breaking effect. Notably, the block-
age–breaking process might not have occurred just once but could have
continued repeatedly, which would have resulted in the sequence of
large discharges.

5.2. Debris flow hydrographs and formation mechanism

A flow hydrograph is a natural indicator of the hydrological process
because it is representative of the system’s ultimate behavior. A normal
water flow hydrograph generally has a continuous normal distribution
shape with one or multiple peaks (Fig. 15a); however, the debris flow

Fig. 14. Rainfall and debris flow processes on August 3–5, 2008.

X. Guo, et al. Journal of Hydrology 589 (2020) 125184

13



hydrographs here present an intermittent saw-tooth shape. Analysis of
the discharge hydrographs of all 36 events in this watershed showed
that the normal τ is ≤ 1 h and ϒ ≤ 3.3. The effect of the ratio ϒ is
approximately equivalent to the peak discharge Qmax, which is more
directly obtained through observations. In this case, Qmax is approxi-
mately 250 m3/s, and the hydrographs could be classified into three
types.

a. Time lag τ is in a normal range and discharge Qd is consistently
below the upper limit of the debris flow capacity Qm (Fig. 15b).

b. Time lag τ is in a normal range and discharge Qd is higher than the
upper limit of the debris flow capacity Qm (Fig. 15c).

c. Time lag τ is longer than the normal range and discharge Qd is
consistently higher than the upper limit of the debris flow capacity
Qm (Fig. 15d).

Undoubtedly, variation of rainfall is the first causative factor of
intermittency. It determines the most likely potential source regions of
material for the debris flows, and it not only differs spatially but also
temporally. The cycle of rainfall peaks could maintain the duration of a
debris flow, while the interval between peaks would determine the
intermittency of the surges; otherwise, the coincident appearance of
widespread high-intensity rainfall over a source area could produce
high volumes of sediment irrespective of the material types.

A debris flow acts as a normal hydrological process or presents an
abnormal appearance. Debris flows presenting normal characteristic
parameters are formed as a mixture of the normal water flood and the
instantaneous soil supply, derived from either intermittent slope failure
and/or channel failure. The surges are formed because of the ran-
domness of the slope failures. Even under uniform rainfall, failure
processes are intermittent, spatially varied and of varying magnitude,
according to in situ experiments on a slope in the source region (Guo

et al., 2016a). Given that the process of source soil supply is rarely seen,
experiments that have revealed the randomness of the slope failure
process have also indicated that it can be considered a stochastic se-
quence. The mechanism behind this randomness is attributable both to
the heterogeneity of the soil properties (for example, grain composi-
tion) and to the uneven slope properties (for example, microtopography
and soils) on the catchment scale (Guo et al., 2016a).

Abnormal debris flows involve blockage–breaking phenomena and
do not show a “water-dominated” characteristic. The large failures that
lead to channel blocking and runoff accumulation, which trigger the
blockage–breaking effect, act as the key factor in the formation of
debris flow surges in the main channel. These extraordinary events thus
disturb and then reconstruct the underlying hydrological processes. The
accumulation time and outburst flow amount depend on many factors
that include the amount and properties of the failure bodies, failure
location and local channel conditions. The blockage–breaking process
could occur as a one-off event or as a repeated sequence. The ran-
domness behind the entire process is the reason for the variation in the
characteristics of the debris flows (such as time, hydrograph and
properties) within a watershed. This highlights the effect of material
supplies in the process of debris flow formation.

5.3. Rainfall conditions for debris flow formation

In most cases, the debris flows were triggered corresponding to a
specific sudden increase in rainfall, which allowed us to determine the
rainfall responsible for debris flow initiation (and/or slope failure).
Rainfall conditions are generally analyzed based on I-D thresholds (or
using other models based on rainfall parameters) that rely on historical
data (for example, Caine, 1980; Guzzetti et al., 2007, 2008; Guo et al.,
2016b, 2016c). Moreover, the runoff condition for debris flow initiation
in the type of catchment considered in this study is generally defined as

Fig. 15. Debris flow hydrograph modes related to time lag and discharge (τ represents the normal time lag from the triggering rainfall to the debris flow occurrence;
τ/ represents the abnormal time lag; Qm represents the potential maximum debris flow discharge and Qd is the real debris flow discharge).
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a specific surface water runoff discharge threshold required for in-
itiating debris flows from sediment within channels (for example,
Takahashi 1991, 2007; Tognacca et al., 2000; Gregoretti, 2000;
Gregoretti and Fontana, 2008; Coe et al., 2008; Rosatti et al., 2019).
Considering the reasonably low runoff required for debris flow initia-
tion in the tributaries (such as the spring water shown in Fig. 3), this
runoff threshold appears senseless. In this study, we analyzed the
rainfall conditions required for debris flow initiation, not only to pro-
pose the threshold but also to suggest coupling of the water and soil
characteristics.

In addition to the rainfall events that triggered debris flows, another
71 events with considerable rainfall amounts, which occurred during
2007–2017 but did not trigger debris flows, were selected for com-
parison purposes. The selected events mainly had total rainfall
amounts> 20 mm and the maximum value was 90.1 mm. The corre-
sponding I-D relations shown in Fig. 16 indicate the following. (1) The
total rainfall amount is not the key triggering factor, that is, debris
flows can occur following rainfall with a total amount of< 10 mm, and
most of the “big” rainfall events with abundant amounts have dura-
tion > 6 h. (2) The general tendency of the I-D relation of all rainfall
events can be expressed as a uniform relation: I=15.41 D−0.67, and the
tendencies of the rainfall events that either trigger or do not trigger
debris flows are close (L-1 and L-2 in Fig. 16). However, debris flows
did not necessarily occur during the big rainfall events with long
duration; instead, they were more likely triggered during events that
lasted no longer than 10 h. For example, five and eight events were
triggered by rainfall lasting<1 and<2 h, respectively. Statistics show
that 31/36 (86%) of the rainfall events that triggered debris flows
lasting< 6 h. (3) The rainfall conditions suitable for normal and ab-
normal debris flows are similar. This finding indicates that big events
(such as landslides) and shallow slope failures require similar amounts
of rainfall in the various source regions. The total rainfall threshold can
be expressed as I = 6.25 D−0.73 (0.5 ≤ D ≤ 14.5 h), that is, as the
lowest line of rainfall able to trigger debris flows shown in Fig. 16.

Based on the above analysis and the duration identification by
meteorological departments (China Meteorological Administration,
2005), the rainfall can be separated into three categories.

1) Short duration (0–6 h) with high mean intensity (2.7–35.4 mm/h).
This type of rainfall is highly prone to triggering debris flows, that
is, almost all the rainfall events of this type triggered debris flows
(except one case, as shown in Ellipse A in Fig. 16).

2) Medium duration (6–12 h) with medium mean intensity
(1.5–4.4 mm/h). Debris flows occurred in 7 of the 16 (44%) events
with this type of rainfall; thus, this rainfall type is also highly prone
to triggering debris flows (Ellipse B in Fig. 16).

3) Long-duration (greater than12 h) with low mean intensity
(0.7–4.1 mm/h). Although this type of event always produces a
remarkable amount of rainfall (max.: 90.1 mm, min.: 50.9 mm and
mean: 56.9 mm), debris flows were rarely triggered (Ellipse C in
Fig. 16).

6. Discussion

The target area in this study is well known for its active debris flows
and its long-term monitoring history. Many previous studies have in-
vestigated the characteristics of the debris flows in this area (for ex-
ample, Li et al., 2003, 2004; Liu et al., 2008; 2009) as well as the
rainfall conditions (Cui et al., 2007; Guo et al., 2013). However, none of
the earlier research has investigated the debris flow formation processes
and related environmental conditions. Research has revealed that fluid
instability and roll waves of debris flows produce the separation of flow
and lead to surge appearance (Weir, 1982; Ng and Mei, 1994; Wan and
Wang, 1994; Hungr, 2000). However, such work has generally origi-
nated from the perspective of flow movement and focused on a mature
debris flow body, rather than considering formation processes at the
watershed scale.

This work investigated the conditions of material supply in the
source regions and distinguished debris flow formation processes from
the hydrological perspective using two key indices (τ and Q), which are
generally used to represent the runoff yield and influx processes. A
semi-quantitative hydrological simulation was conducted to investigate
the water runoff discharge during debris flow events. Although the
results were not validated by the hydrographs because of a lack of data
on real water flow discharge, which is nearly impossible to measure
during debris flow events, the hydrological process-based framework is
recommended because it provides a reference for the runoff condition
for debris flows (Gregoretti and Fontana, 2008; Wei et al., 2018;
Pastorello et al., 2020). The objective of this work was not to perform a
detailed numerical simulation of debris flow initiation and propagation,
but to provide an estimation of catchment response in terms of dis-
charge at a reference section. Although the formation of debris flows
was presented based on a preliminary theoretical framework, the length
of the analyzed data series corroborates the results. It was established
that debris flows are potentially formed by instantaneous mixing of
shallow failures or by abrupt breaking of blockages and that they pre-
sent different hydrological consequences. We also found that the rain-
fall conditions required for the formation of different types of debris
flow are similar.

The interpretative scheme of debris flow formation processes relies
on conjecture based on the corresponding relations between rainfall
and flow discharge, which are regarded as the input and output of a
system, respectively. Actual observations of debris flow initiation, ei-
ther in relation to mass failure along a sliding surface or concentrated
runoff within a steep channel in the headwater regions, were missing.
These measurements are difficult to obtain because of the harsh field
conditions in the source regions (for example, very steep slopes, high
relief, fractured bedrocks, rockfalls and limited space for device in-
stallation). In comparison with other catchments in which physical
monitoring has been realized, for example, Chalk Cliffs, Gadria,
Illgraben, Rebaixader and others (Berger et al., 2011; McCoy et al.,
2012; Kean et al., 2013; Comiti et al., 2014; Hürlimann et al., 2014,
2019; Walter et al., 2017; Coviello et al., 2019), the scale of the wa-
tershed in this study is much larger and the material sources are more
diverse and distributed more randomly. Therefore, monitoring is much
more complex. In future work, targeted monitoring will be a primary
objective using an integrated approach combining equipment such as
piezometers, erosion probes, geophones and video cameras. However, it
must be emphasized that even with increased monitoring of headwater
regions, a knowledge gap will remain between the occurrence of slope
failures in the source region and the appearance of mature debris flows
at the outlet, including the confluence and propagation processes.

Fig. 16. I-D relations of rainfall amounts and thresholds for debris flows.

X. Guo, et al. Journal of Hydrology 589 (2020) 125184

15



Therefore, a logical theoretical framework and some conjecture will
still be required to a certain extent.

The time and type of debris flow initiation in the source regions
present significant uncertainties that can affect the reliability of the
formation process and the threshold. Inappropriate selection of the
initiation time can result in an incorrect duration (D) and a consequent
non-significant or non-representative average intensity (I). Moreover,
the rainfall responsible for the occurrence of landslides and debris flows
differs. The different supply types affect not only the magnitude but
also the propagation process of debris flows, which ultimately result in
the differences between normal and abnormal phenomena. We admit
that the identifications performed in this work relied somewhat on
experience. However, this is difficult to avoid given the current cir-
cumstances, primarily because of the difficulties associated with mon-
itoring debris flow initiation in the headwater region.

Given the uncertainty that exists in terms of data monitoring and
data processing, we have been unable to quantify the errors in our data
or to verify this uncertainty. Nevertheless, based on the known facts,
despite the natural inhomogeneity and randomness, which play an
important part in surge formation, we consider our monitored data of
the case studies sufficiently reliable.

7. Conclusions

The rainfall events responsible for 36 debris flows during
2006–2017 were identified both spatially and temporally and the hy-
drographs of the debris flow discharge of these events were analyzed
based on the relations between the debris flows and rainfall. The in-
termittent saw-tooth shaped hydrographs of the presented debris flows
differ from the shape of a continuous normal distribution hydrograph of
water flow discharge. On the basis of the two key hydrological para-
meters, the time lag (τ) between debris flow occurrence and peak
rainfall and the ratio of debris flow discharge to water flow discharge
(ϒ), the debris flows were considered as either normal or abnormal
hydrological processes. We suggest that normal debris flows formed
when shallow slope failures mixed immediately with channel runoff,
whereas abnormal debris flows formed following the channel block-
age–breaking effect in the headwater region.

The rainfall threshold for debris flow initiation was proposed as
I = 6.25 D−0.73 (0.5 ≤ D ≤ 14.5 h). Debris flows were related more to
rainfall pattern than to rainfall amount, that is, most occurred within
6 h of a rainfall event with high mean intensity and short duration.
However, the formation type, process and discharge of the debris flows
showed no direct relationship with rainfall amount.

This research elucidated the uncertainty and randomness associated
with all the above processes. Based on the conceptual framework that a
debris flow is the product of a rainfall-induced hydrological process
involving the supply of soil materials, we determined that rainfall
variation causes intermittency of the soil supply and uncertainty re-
garding its location and scale. The modalities of the involvement of soil
supply, which might disturb or reorganize the hydrological process,
lead to the various debris flow appearances as the system outputs,
which are also difficult to predict. This highlights the significance of
soil supplies both to debris flow formation and to surge complexity.
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