© Indian Academy of Sciences

@ CrossMark

J. Earth Syst. Sci. (2018) 127:11
https: //doi.org/10.1007/s12040-017-0913-0

Rainfall characteristics and thresholds for periglacial
debris flows in the Parlung Zangbo Basin,
southeast Tibetan Plateau

MINGFENG DENG, NINGSHENG CHEN* and HAITAO DING

Key Laboratory of Mountain Hazards and Surface Processes, Institute of Mountain Hazards and Environment,
Chinese Academy of Sciences, No. 9, Section 4, Renminnanlu Road, Chengdu 610041, Sichuan,
People’s Republic of China.

*Corresponding author. e-mail: chennsh@imde.ac.cn

MS received 20 August 2016; revised 19 December 2016; accepted 24 June 2017;
published online 14 February 2018

The Parlung Zangbo Basin in the southeastern Tibet Plateau is affected by the summer monsoon from the
Indian Ocean, which produces large rainfall gradients in the basin. Rainfall data during 2012-2015 from
five new meteorological stations are used to analyse the rainfall characteristics. The daily rainfall, rainfall
duration, mean rainfall intensity, and peak rainfall intensity are consistent, but sometimes contrasting.
For example, these values decrease with increasing altitude, and the gradient is large downstream and
small upstream, respectively. Moreover, the rainfall intensity peaks between 01:00 and 06:00 and increases
during the afternoon. Based on the analysis of 14 debris flow cases in the basin, differences in the rainfall
threshold differ depending on the location as sediment varieties. The sediment in the middle portions of
the basin is wet and well structured; thus, long-duration, high-intensity rainfall is required to generate
debris flows. Ravels in the upstream area are arid and not well structured, and short-duration rainfall
is required to trigger debris flows. Between the above two locations, either long-duration, low-intensity
rainfall or short-duration, high-intensity rainfall could provoke debris flows. Clearly, differences in rainfall
characteristics and rainfall thresholds that are associated with the location must be considered in debris
flow monitoring and warnings.

Keywords. Rainfall characteristics; runoff generated; threshold; debris flows; southeast Tibetan
Plateau.

1. Introduction high-intensity and long-duration, low-intensity
rainfall can generate debris flows (Rahardjo et al.

Debris flows can be triggered by rainfall 2007; Rahimi et al. 2010; Schneuwly-Bollschweiler

(Stoffel et al. 2011; Schneuwly-Bollschweiler and
Stoffel 2012), melt water flow from glaciers or ice
particle ablation (Arenson and Springman 2005;
Decaulne et al. 2005), or outburst floods from
glacier lakes. Rainfall is a common trigger of
debris flows (Iverson et al. 1997; Sassa and Wang
2005; Stoffel et al. 2011), and both short-duration,

and Stoffel 2012). In deglaciated areas, the signif-
icance of rainfall can decline with the addition of
glacier ablation water (Lu and Li 1989; Liu et al.
2013).

Rainfall patterns can affect the initiation of
debris flows (Rahardjo et al. 2007; Rahimi et al.
2010; Schneuwly-Bollschweiler and Stoffel 2012).
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Numerical simulations by Tsai and Wang (2011)
and Luo et al. (2014) showed that the soil slope sta-
bility and depth of landslides depend on the rainfall
uniformity. Debris flows in the earthquake-stricken
Wenchuan area were classified into three categories,
namely, rapid-, intermediate-, and slow-triggering
response patterns, according to the rainfall inten-
sity, which is related to rainfall patterns (Zhou
et al. 2014). The differences in these categories
may be attributed to differences in rainfall perco-
lation, which subsequently affect the soil strength
and hydraulic conductivity (Rahardjo et al. 2007;
Luo et al. 2014; Zhou et al. 2014; Noske et al. 2016;
Sheridan et al. 2016).

Indeed, the relationship between rainfall inten-
sity and kinetic energy follows an exponential
function (Van et al. 2002; Lu et al. 2008; Calvo-
Alvarado et al. 2014) and may variably affect soil
erosion or shallow landslides (Godt et al. 2006;
Lin and Chen 2012). The threshold for mass soil
movements depends on the rainfall intensity and
duration (Chen et al. 2005; Guzzetti et al. 2008;
Giannecchini et al. 2012; Zhou and Tang 2014).
Additionally, the rainfall pattern can affect the
magnitude of debris flows, with long-duration rain-
fall likely triggering larger debris flows (Zhuang
et al. 2009; Stoffel et al. 2011).

The threshold for most debris flows requires
build-up of several factors. The distribution of
meteorological stations limits our understanding of
the distribution of rainfall events and is the largest
obstacle in analysing the triggering of debris flows.
However, rainfall data is still required to support
water and soil conservation and management and
flood control. Several meteorological stations were
installed in Parlung Zangbo in 2011 to improve the
collection of rainfall data. In this study, rainfall
data from 2012 to 2015 were analysed to establish
the relationship between rainfall events and debris
flows.

2. Study area

2.1 Regional background

The Parlung Zangbo Basin comprises three parts:
the main stream, Yigong Zangbo, and Layue
Zangbo (figure 1). The Sichuan-Tibet highway
stretches along the main stream, where the newest
meteorological stations are set.

The study area is located on the eastern side
of the bend of the Yarlung Zangbo River between
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the eastern Himalayas and the Nyenchen—Tanglha
Mountains. The basin has a northwest—southeast
orientation, covers an area of 11,551km? and
stretches from Boxoila Ling in the southeast at
5675 m a.s.l. to ~266km to the northwest at
1540 m a.s.l.

The Tibetan Plateau is a huge platform with
high elevation that prevents warm and wet air
currents from the Indian Ocean from moving north-
ward; instead, the air currents pass through the
Yarlung Zangbo Canyon, forming a tongue-shaped
area that experiences heavy rainfall. The Parlung
Zangbo Basin lies on the border of the tongue-
shaped area and has an annual precipitation of
550-1400 mm (TFITP 1982). The annual rainfall
in this watershed declines with increasing altitude
and is approximately 900 mm in the middle stream
at the Bomi meteorological station. The abundant
rainfall and variable terrain favour the develop-
ment of temperate glaciers in the Tibetan Plateau.
In 2013, temperate glaciers covered an area of
2381.47km? (Liu 2013) according to TM images
(taken by the No. 4 or 5 thematic mappers on the
Landsat satellite with a spatial resolution of 30 m).

These temperate glaciers are active structures
with abundant glacial till, which may produce
debris flow. A total of 67 debris flows were iden-
tified in the valley from Ranwu to Peilong over
a stretch of 271.4 km (Lu et al. 1999). These
debris flows can block highways, destroy houses,
kill humans, and hurt pedestrians, threatening
social development in the region.

2.2 Debris flow gullies

Dozens of debris flows have occurred over the past
several years, some of which cannot be determined
exactly. In our field work, 14 debris flows were
determined in eight gullies, and their background
is given as follows.

The Motuo watershed covers an area of 2.77 km?,
with an east—west orientation and its lowest ele-
vation at 3050 m a.s.l. (figure 1). The vegetation
in this watershed is rich, and bare land could be
found in the channel bed and rills. Snow cov-
ers the area between 4100 and 4780 m a.s.l., and
glaciers are present in the channel bed above 3780
m a.s.l. This channel is narrow, with a slope greater
than 20°. Granite is predominant in the upstream
area, and diorite is predominant in the downstream
area. The glacial debris in the channel bed is wet,
and water runoff exits below. The entrainment of
glacier debris flows by a mixture of glacier melt
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Figure 1. Meteorological stations and debris flows in the Parlung Zangbo Basin.

and rainfall runoff could be responsible for the lone
debris flow in 2015.

The Zhuonuo watershed merges with Parlung
Zangbo at 2730 m a.s.l. and covers an area of
4.86km? (figure 1). The vegetation in the water-
shed is thick, and trees occupy most of the land
below 3750 m a.s.l. From 4000 to 4260 m a.s.l.,
snow covers the land the entire year, and glaciers
exist in small rills. Granite is the sole geology,
and the slope is approximately 25-30°. Landslide
and rock collapse deposits are quite limited, and
ravels from frost weathering can be found in the
rills. On the evening of August 19th, debris flows
occurred after a long-duration rainfall event. These
debris flows had low density and lasted for half an
hour.

The Ronggian watershed, which is located above
2850 m a.s.l., has a drainage area of 4.66km?
with a north-south orientation (figure 1). Vege-
tation is rich in the downstream area and sparse
with bare bedrock in the upstream area, occupy-
ing a large area overall. In the source area, trough
glaciers exist between 4173 and 5120 m a.s.l. in the

channel bed, with an area of 4.66 km? and a sur-
face slope of 30-35°; seasonal snow can be found
in the source area. Granite dominates the geol-
ogy in the upstream area, and diorite is predo-
minant in the middle and upstream areas. Glacial
debris is the main soil source, with fewer landslide
deposits. Over the past dozen years, debris flows
occurred only once on August 19th, 2015; this flow
carried large amounts of boulders and large trunks
into Parlung Zangbo.

The Shalong Valley merges with Parlung Zangbo
at 3150 m a.s.l. and has a drainage area of 14.96
km? (figure 1). The channel stretches northeast—
southwest, turning north—south in the middle area
and northwest—southeast in the upstream area.
Vegetation is sparse, with small shrubs, grassland,
and bare land above 4200 m a.s.l. Glaciers and per-
manent snow are present in the source area. Slate
dominates the geology, and granite can be found
in the centre of the downstream area. Dry ravels
can be produced by frost weathering and sunlight,
which are widely distributed along the slope (gra-
dient of 30-35°); additional landslide deposits can
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be observed along the channel. Debris flows in the
watershed have been traced since 1990. In recent
years, debris flows occurred several times, only one
of which (in 2015) we could distinguish.

The Jiurong Valley covers an area of 7.26 km?
and has an east—west fan shape (figure 1). Two
symmetrical branches are present; the south branch
reaches an elevation of 5230 m a.s.l. The vegetation
in the watershed is sparse, with high trees in the
deposition fan, small shrubs in the middle region,
and bare land in the source area, which has a slope
of 35—40°. Slate is widely distributed, and a band
of granite in the downstream area stretches from
northwest to southeast. Dry ravels from strong
frost weathering are quite rich in the branches and
along the slope. Debris flows are very common in
the watershed, which can be deduced from the nar-
rowed Parlung Zangbo. We can trace debris flows
since the 1990s, and we could distinguish several
others from 2014, 2015, and 2016.

The west Jiazong Valley merges with Parlung
Zangbo at 3440 m, with a drainage area of 1.72km?
and a narrow north-south shape (figure 1). Tall
trees are present in the downstream area, and bare
rock is present in the upstream area. This bare
rock has a slope of 22-28° and the channel gra-
dient reaches 28-35°, where the deposits mainly
consist of dry ravels. Granite occupies the entire
watershed, although less on steeper slopes. Rainfall
runoff that moves through the channel can entrain
the debris and trigger debris flows. Debris flows are
very common in the watershed, and we collected
data from four debris flows over the past several
years.

The east Lapu Valley is above 3600 m a.s.l. and
covers an area of 4.25km?, with an orientation
of northeast—southwest (figure 1). High trees are
present in the downstream area, whereas the source
area is bare. The main channel is long, and sev-
eral branches are present in the source area with a
gradient of approximately 25°. Granite dominates
most of the watershed, with a small amount of
sandstone and slate in the downstream area near
Parlung Zangbo. A large amount of dry debris
has accumulated in the small rills, whereas less is
present on the slope, which has a gradient of 25—
30°. Ancient debris flows cannot be determined,
whereas large deposits are present in the fan.
Debris flows recently occurred in 2014 and 2015.

The #2 Midui Valley has a narrow east—west
shape and a drainage area of 0.92km?, with its
lowest point above 3730 m a.s.l. (figure 1). Sparse
vegetation is present in this watershed, and small
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shrubs have only grown in the downstream area.
The middle and upper regions are bare and covered
by snow and glaciers. The sole stream reaches an
elevation of 5350 m a.s.l., with a large gradient of
22-28°. Sandstone and slate dominate the geology.
Dry debris from glacier movement and frost weath-
ering has been deposited in the channel and along
the slope. Debris flows are uncommon in the water-
shed; we could only trace one flow. Additionally, an
ancient debris flow deposit is present in the down-
stream area, although we cannot determine its age.

3. Data and methods

3.1 Data source
3.1.1 Rainfall data

The only meteorological station in the basin is
Bomi, which was established in 1955. Bomi is an
easily accessible meteorological station with high-
quality rainfall data. However, the rainfall gradient
and isolated rainfall are significant; thus, the Bomi
meteorological station’s rainfall data cannot reflect
the rainfall in the entire basin. Several rain gauges
were built in 2011 to better understand the rainfall
distribution in the basin and study the triggering
of debris flows (table 1, figure 1), and the data from
these gauges were used in this study.

3.1.2 Debris flow cases

Discipline for debris flow cases. Debris flows are
common in the Parlung Zangbo Basin. Debris flows
have frequently cut off roads during each year’s
rainy season. The rainfall threshold for these debris
flows is hard to distinguish because of the lack
of rainfall data. Debris flows that occurred in the
basin after 2011, when more rainfall data could be
collected, were recorded to analyse this threshold.

Fourteen debris flows occurred in the summers
between 2012 and 2015 and were recorded under
the condition that the time of the debris flows could
be determined within 24 hr (figure 1, table 2).
Because of the sporadic lifestyle of the local res-
idents, debris flows are unlikely to be detected
by civilians. Thus, the road maintenance staff
records the time when roads are reported to have
been blocked by debris flow deposits. Therefore,
accurate times of debris flows are quite different
than otherwise noted.

Debris flows can be divided into three categories
based on the occurrence time. First, the request
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Table 1. Rain gauge information.
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Elevation  Starting  Precision
No. Name Location (m) time (mm)
1 Peilong 30°02'N, 95°00'E 2030 2011.7 0.5
2 Guxiang 29°54'N, 95°28'E 2664 2011.7 0.5
3 Bomi 29°51'N, 95°46'E 2730 2011.7 0.5
4 Songzong ~ 29°44'N, 96°01'E 3025 2011.7 0.5
5 Midui 29°28'N, 96°30'E 3827 2011.7 0.5

for clearing debris flow deposits has a time error
of 1 hr along the Sichuan-Tibet highway. Sec-
ond, the Bomi—-Motuo highway has relatively fewer
cars that pass; thus, reports of debris flows in this
area are always delayed, i.e., with a time error of
412 hr. Therefore, the triggering of rainfalls cannot
be determined as the time error increases. Third,
several debris flows occur near villages; therefore,
the local residents can report the time when the
debris flows occurred. The time error in this case
is approximately 40.5 hr.

3.2 Methods
3.2.1 Rainfall characteristics

The rainfall duration, peak rainfall intensity, and
mean rainfall intensity were applied to analyse
the rainfall characteristics. The models included
long-term high-intensity rainfall, long-term low-
intensity rainfall, short-term high-intensity rainfall,
and short-term low-intensity rainfall. The distribu-
tions of rainfall duration, peak rainfall intensity,
and mean rainfall intensity should be included
for larger regional areas. In this paper, the vari-
ation in the daily rainfall along Parlung Zangbo is
illustrated.

Indeed, the daily rainfall was used first to
understand the triggering mechanism and thresh-
old, after which higher-precision rainfall data were
used. Debris flows are always triggered by heavy
rainfall; thus, heavy rainfall data from June to
September were considered. The critical values for
heavy rainfall can differ because of the large rainfall
gradient in the basin. We define heavy daily rain-
fall as greater than 25 mm/d in Peilong; 15 mm/d
in Guxiang, Bomi, and Songzong; and 10mm/d
in Midui. In addition, the initial hourly rainfall
was greater than 0.5 mm/hr, decreasing below
0.5 mm/hr by the end. We ignored rainfall data
with problematic GPRS signals in the statistical
analysis. Finally, 134 cases over the past 4 years
were gathered, including 32 from Peilong, 28 from

Guxiang, 25 from Bomi, 26 from Songzong, and
23 from Midui. Later, these data were applied to
analyse the peak rainfall intensity, mean rainfall
intensity, and duration during heavy rainfall.

3.2.2 Rainfall thresholds

The relationships between the rainfall intensity and
duration (Guzzetti et al. 2008; Giannecchini et al.
2012; Zhou and Tang 2014) and the rainfall amount
over a certain amount of time are usually applied to
determine the rainfall threshold (Chen et al. 2009).
The former is widely used with respect to varia-
tions in the rainfall intensity with duration, such as
I-D curves and C-D curves (Guzzetti et al. 2008),
although determining the limit between triggering
rainfall and antecedent rainfall is difficult.

In theory, the antecedent rainfall starts at
slightly higher than 0 mm and ends with the
triggering rainfall. Generally, the accumulated
antecedent rainfall is used (Glade et al. 2000).
The triggering rainfall ends with the debris flow,
but determining this phenomenon’s beginning is
not easy. The triggering rainfall value varies with
location. In Taiwan, Jan and Lee (2004) adopted
a rainfall intensity of >4mm/hr as the start of
the triggering rainfall. In the Wenchuan earth-
quake area, a rainfall intensity of >1.0 mm/hr was
assigned to the beginning (Zhou and Tang 2014).
In the study area, the rainfall intensity was smaller
than that in Taiwan and was approximately equal
to that in the Wenchuan earthquake area; thus, a
1-mm/hr rainfall intensity was taken as the limit
of antecedent and triggering rainfall.

The effect of the antecedent rainfall declines with
time, and the exhaustion model by Glade et al.
(2000) is usually applied to calculate the effect of
antecedent rainfall, which can be expressed as

ro = kri + k2 + - + K,
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Figure 2. Fluctuation of annual rainfall at the Bomi

meteorological station.

where ry is the antecedent daily precipitation
based on the maximum regional precipitation val-
ues (mm) for day 0, k is a constant for the regolith
outflow, and 7, is the maximum regional precipi-
tation (mm) on the nth day before 0.

4. Analysis and results

4.1 Rainfall characteristics
4.1.1 Annual rainfall

We collected annual rainfall data from 1981 to 2014
at the Bomi meteorological station and derived a
mean annual rainfall of 884 mm. The annual rain-
fall peaked at 1152.6 mm in 1988 and dropped
to 536.2 mm in 2009 (figure 2). Fluctuations in
the annual rainfall were sharp, which might be
attributed to the effect of global climate change.
The annual rainfall differed each year; therefore,
the data from the five newly built rain gauges over
the last 4 years were used.

Most mountain stream and debris flows in the
Parlung Zangbo Basin occur between June and
September; thus, rainfall data during this period
require greater attention. In this study, we exam-
ined the daily rainfall distribution, heavy rainfall
events (including their duration and intensity),
and rainfall thresholds for debris flows over the past
4 years.

4.1.2 Distribution of daily rainfall from
June to September

Daily rainfall data are used to understand the
surface discharge (Rajurkar et al. 2004; Cruse et al.
2006), debris flow thresholds (Terlien 1998; Glade
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et al. 2000; Chen et al. 2009), and soil erosion
(Cruse et al. 2006).

Figure 3 shows the daily rainfall distribution
based on daily rainfall data from the Peilong, Gux-
iang, Bomi, Songzong, and Midui meteorological
stations from June to September in 2012-2015,
except for missing data due to GPRS signal prob-
lems. According to these statistics, rainy days
comprised 103, 75, 78, 77, and 55 of the days
from June to September in 2012-2015, which indi-
cates that 83%, 61%, 64%, 63%, and 45% of the
122 days experienced rain in Peilong, Guxiang,
Bomi, Songzong, and Midui, respectively. Overall,
there was a similar number of rainy days in Gux-
iang, Bomi, and Songzong. When we compared
the daily rainfall data from the five meteoro-
logical stations, the daily rainfall decreased with
increasing elevation, whereas the rainfall gradi-
ent was larger in the upper and lower areas and
smaller from Guxiang to Songzong. Sometimes,
the rainfall gradient reversed and the daily rain-
fall increased in the upstream data. The peak
daily rainfall days among the different meteoro-
logical stations corresponded well. In particular,
rainfall days were more abundant in the down-
stream area.

The maximum daily rainfall (MDR) from 1961 to
2015 at the Bomi meteorological station fluctuated
wildly. Most of the MDR data were near the mean
value of 41 mm/d, with the lowest and highest
values being 25 and 75 mm/d, respectively (fig-
ure 4). The MDR from five meteorological stations
(Peilong, Guxiang, Bomi, Songzong, and Midui) is
shown in figure 5 to demonstrate the distribution of
the MDR in other areas of the basin. During 2012-
2015, the highest MDR in Peilong, Guxiang, Bomi,
Songzong, and Midui was 56.5, 50, 76, 49.5, and
34.5 mm/d, respectively; the first four rain gauges
experienced the MDR on the same day (August 19,
2015), whereas 17 mm of rainfall occurred in Midui
that day. The highest MDR of the five meteoro-
logical stations did not always occur in Peilong,
where rainfall is abundant; instead, the highest
MDR was in Bomi, Songzong, Peilong, and Bomi,
which received 47, 51, 56.5, and 76 mm/d of rain,
respectively, in 2012-2015. However, Midui always
exhibited the lowest MDR.

The daily rainfall during the summer over the
last 4 years had the following characteristics:

(1) Rainfall was abundant in the Parlung Zangbo
Basin. In particular, rainfall was intensive in
downstream areas and sometimes continued
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for days, whereas rainfall did not last long in
upstream areas.

Rainfall events exhibited time consistency. The
rainfall duration in upstream areas included
events when it rained downstream, and all
five meteorological stations recorded the peak
rainfall on the same day.

Large rainfall could affect the entire basin. As
wet currents from the Indian Ocean move to
the north, the daily rainfall decreases towards
the upstream areas. However, the rainfall gra-
dient occasionally reversed, and higher daily
rainfall was observed in Guxiang, Bomi, and
Songzong compared to downstream areas,
which might be attributed to obstacles along
the pathway or other sources of wet currents.

Several isolated convective rainfall events were
observed upstream when no rainfall occurred
downstream. Most of these events occurred
during the afternoon, such as a short-duration
thunderstorm that occurred in Bomi County
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when the weather was sunny in the lower and
upper stream areas. This event suggests that
some other current sources existed, which may
be the branches of Yarlung Zangboin the south-
western area of the basin.

4.1.3 Rainfall distribution during heavy rainfall

A total of 134 rainfall cases over the past 4
years were chosen for our analysis. The duration
of heavy rainfall varied in the Parlung Zangbo
Basin. Generally, heavy rainfall in downstream
areas lasted longer, whereas the duration was
shorter in upstream areas (figure 6). For exam-
ple, rainfall events with durations between 6 and
15 hr comprised more than 80% of the total rain-
fall in Peilong, whereas only 3.23% lasted less than
5 hr. In Guxiang, Bomi, and Songzong, heavy
rainfall lasted between 6 and 15 hr, whereas short-
duration rainfall exhibited a higher intensity. In
Midui, heavy rainfall was short-lived and lasted less
than 10 hr over the past 4 years, with nearly half
of the heavy rainfall events lasting less than 5 hr.

The mean rainfall intensity was higher in the
downstream and middle areas and lower in the
upstream areas, whereas the gradient was quite
small. In Peilong, Guxiang, Bomi, and Songzong,
the mean rainfall intensity was between 2 and 3
mm/hr, with a maximum of 4-5 mm/hr compris-
ing 6-8% of the total, except in Guxiang. In Miduli,
the mean rainfall intensity was less than 3 mm/hr
(figure 6).

Variations could be observed in the peak
and mean rainfall intensity throughout the basin.
The maximum peak rainfall intensity declined
upstream. For example, the hourly rainfall reached
12 mm/hr in Peilong, 8 mm/hr in Guxiang, Bomi,
and Songzong, and only 4 mm/hr in Midui (fig-
ure 7). The peak rainfall intensity was 5 mm/hr in
Peilong, constituting 32.4% of the total, whereas
that in Guxiang, Bomi, and Songzong was approx-
imately 4 mm/hr. In Midui, the peak rainfall
intensity was greater than 3 mm/hr (figure 7).
Additionally, the peak rainfall intensity was much
more likely to occur during 01:00-06:00, which con-
stituted 75.8% of the total in Peilong and more
than 40% in the remaining areas. In the middle
and upper areas of the basin, high peak rainfall
intensity appeared at 19:00-24:00 and 7:00-12:00,
constituting 20 to 40% of the total rainfall. Further-
more, the peak rainfall intensity in the afternoon
was less than 10% (figure 6).
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Figure 7. Distribution of the peak rainfall intensity.

4.2 Rainfall threshold for debris flows

The duration of rainfall events before debris flows
is either long or short; thus, rainfall values are dif-
ficult to compare. In this study, the accumulated
value was often used as the antecedent rainfall,
and the triggering rainfall could be expressed as
accumulated and triggering components. More-
over, the last 12:00 (debris flows between 0:00
and 12:00) or 24:00 (debris flows between 12:00
and 24:00) were regarded as the beginning in fig-
ure 8. Hence, debris flow cases could be shown
in the later portion of the 24-hr rainfall event
line (figure 8). During 12-hr rainfall events (fig-
ure 8), rainfall intensities less than 1 mm/hr (the
beginning of triggering rainfall) occurred in all
12 cases, which ensured that the entire triggering
rainfall event was included in the hourly rainfall
analysis.

We divided the 14 debris flows into three groups
according to their locations: group A for DF1-DF3
in the middle of the Parlung Zangbo Basin, group
B for DF4-DF8 in the middle—upper region, and
group C for DF9-DF14 in the upper region (fig-
ure 1, table 2).

Rainfall data were recorded for 11 debris flows
(DF1-DF9, DF11, DF13 and DF14) by meteo-
rological stations, whereas no rainfall data were
recorded for the remainder (DF10 and DF12).
The long-duration rainfall in the Parlung Zangbo
Basin was regional; thus, we believe that the
two debris flows with no rainfall records could
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be triggered by short, isolated, convective
rainfall events. Coincidentally, these two debris
flows were located upstream, which experienced no
accumulated antecedent rainfall. The triggering
rainfall, accumulated antecedent rainfall, peak
rainfall intensity, duration, mean rainfall intensity,
and total rainfall are listed in table 2 and shown in
figure 8.

4.2.1 Antecedent rainfall

The duration of antecedent rainfall events can be
quite long, and their effects can decline with time.
The duration of the antecedent rainfall depends
on the depth that rainwater percolates and the
water content that sediments can maintain over
time. The strong frost—thaw effect in the Parlung
Zangbo Basin, particularly in high-elevation source
areas, would produce sediments with low clay con-
tent and high permeability (Yuan et al. 2009).
Consequently, the effects of antecedent rainfall can
decline quickly; thus, rainfall over the previous
3 days was included in the antecedent rainfall in
this paper. The antecedent rainfall is shown by the
exhaustion model in table 2.

The accumulated rainfall ranged from several
millimetres to tens of millimetres amongst the
groups. In group A, the antecedent rainfall was
generally greater than 30 mm. In group B, this
value sharply fluctuated, with 41 and 10 mm as
the largest and smallest values, respectively. In
group C, the antecedent rainfall was 5-15 mm.
Overall, the antecedent rainfall greatly varied from
relatively large in middle stream areas (group A) to
small in upstream areas (group C) and was either
large or small between these two groups.

4.2.2 Triggering rainfall

In group A, the triggering rainfall sometimes lasted
longer than 20 hr with rainfall totals over 50
mm. The peak rainfall intensity was approximately
6 mm/hr, and the mean rainfall intensity was
approximately 3 mm /hr. In group B, the triggering
rainfall ranged from 1 to 16 hr with rainfall totals
of 5.5-27.5 mm. The peak rainfall intensity was
2-7 mm/hr, and the mean rainfall intensity was
1.2-4 mm/hr. In group C, the triggering rainfall
lasted for a short time with small rainfall totals.
Both the peak and mean rainfall intensities were
approximately 1.5 mm/hr.
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Figure 8. Rainfall process before and after debris flows.

The rainfall intensity and duration are often
combined into a rainfall threshold for debris flows.
The variability of the mean rainfall intensity as
a function of the duration is shown in figure 9.
Figure 9 suggests that the mean rainfall inten-
sity and the duration of the triggering rainfall
were well correlated amongst the groups. In group
A, the debris flows could have been generated
by long-duration, high-intensity rainfall events. In
group B, either long-duration, low-intensity rain-
fall or short-duration, high-intensity rainfall could
have triggered debris flows. Finally, short-duration,
high-intensity rainfall events could have triggered
debris flows in group C.

4.3 Historical rainfall thresholds for debris flows

We have examined debris flows over the past
dozen years and compared their rainfall thresh-
olds to those of ancient debris flows (table 3).
Debris flows that occurred less than 50 km from
the Bomi meteorological station were adopted
because of the large rainfall gradient. The local
convective rainfall events were excessive; therefore,
this analysis is approximate and only serves as a
reference.

The population in Parlung Zangbo is sparsely
distributed; therefore, we could not determine the
fixed times when a larger number of debris flows
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occurred. In this paper, data for nine debris flows
were collected, and the 3-day rainfall and previous
daily rainfall were regarded as the antecedent rain-
fall and triggering rainfall, respectively (table 3).
Table 3 suggests that more of the triggering rain-
fall in the downstream of Bomi was larger than
20 mm, whereas it was only several millimetres in
upstream areas. Notably, the antecedent rainfall in
the downstream area was more than 50 mm, much
larger than that in the upstream area.

5. Discussion

5.1 Consistency and reversal of rainfall events

The rainfall amount, rainfall intensity, and dura-
tion were used to analyse the rainfall charac-
teristics, and the evolution of rainfall was more
controlled by the current sources and landforms.
The Indian monsoon moves towards the Tibetan
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Figure 9. Mean rainfall intensity vs. duration for events that
triggered debris flows.
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Plateau with many warm and wet currents. As
the Indian monsoon climbs up the high alpines, it
cools down and produces large amounts of rainfall
on the border of the Tibetan Plateau. Moreover,
the Indian monsoon can penetrate into the high
platform through the Yarlung Zangbo Canyon, fol-
lowed by a branch such as Parlung Zangbo. The
Indian monsoon declines as it climbs up along
the Parlung Zangbo, producing temporally consis-
tent rainfall events with lower rainfall amounts and
duration with higher altitude, along with high gra-
dients in the downstream and upstream areas and
lower gradients in the middle of Parlung Zangbo.
Additionally, the Indian monsoon can move across
the southern crest through the lower bealock as
a warm and wet current; after reaching the cool
current in Parlung Zangbo, convective storm rain-
fall could occur upstream of Bomi, reversing the
time and duration of rainfall events, such as strong,
short, high-intensity convective rainfall.

5.2 Rainfall threshold characteristics

Debris flows can form when peak runoff flows over
debris deposits and hydrodynamic forces act on
the surface elements of the debris layer (Gregoretti
2000; Tognacca et al. 2000; Kean et al. 2013; Gre-
goretti et al. 2016). The concentration of runoff
in the channel bottom erodes the debris surface
layer and extends to the layers below, entirely or
partially mobilizing the bed material and gener-
ating debris flows (Gregoretti and Fontana 2008).
The infiltration of excess surface runoff is the
first step for runoff-generated debris flows and can
occur when the rainfall intensity is larger than the
infiltration rate. The infiltration of excess surface
runoff should reach a certain critical threshold,
which depends more on the intensity and quan-
tity of rainfall, the topography, and the availability

Table 3. Debris flows and associated long-term rainfall.

Daily rainfall

3-day rainfall before

No. Name Time (mm) (mm)
1 Songrao Sep. 4th, 2007 20.4 8.1
2 Wapu Sep. 2nd, 1998 46.1 49.9
3 Baka Sep. 7th, 2007 16.2 63.6
Sep. 1st, 1998 12 51.8
4 West Xingkong  Sep. 1st, 2005 1.2 0.2
Jul. 7th, 2009 10.3 11.8
Aug. 1st, 2009 2.3 7
5 East Daxing Aug. 12nd, 2005 0.1 7.1
6 Shalong Jul. 14th, 1990 0.4 4.91
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and properties of debris (Gregoretti and Fontana
2008; Kean et al. 2013; Moody et al. 2013; Sheridan
et al. 2016; Dusek and Vogel 2016; Rengers et al.
2016). In other words, the rainfall threshold varies
for a given steep area because the soil’s hydraulic
conductivity is quite different.

The hydraulic conductivity of debris is controlled
by both the soil porosity and soil water repellence
(Campbell and Shiozawa 1992). Soil water repel-
lence is an ability that reduces the affinity of soils to
water such that they resist wetting for a time and
that declines with increasing water content (Doerr
and Thomas 2000; Sheridan et al. 2016). Generally,
lower infiltration is strongly associated with higher
aridity (Sheridan et al. 2016; Noske et al. 2016),
if the debris is not well structured; otherwise, the
infiltration could remain high for well-structured
debris (Nyman et al. 2011; Sheridan et al. 2016).

In the middle areas of Parlung Zangbo (Group
A), long-duration rainfall is prevalent and vegeta-
tion is rich. Glacial sediment has a high porosity
because of long-term freezing and thawing. During
the summer, the thawing of internal ice, which is
sheltered from sunlight by vegetation, can increase
the porosity and water content. In the long run,
sediment can form an overhead structure and
the water flux can move along certain pathways,
increasing the hydraulic conductivity (Sheridan
et al. 2016). A larger rainfall intensity than the
infiltration rate and long-term rainfall are required
to generate excess surface runoff and increase the
associated debris flows (Zhuang et al. 2009; Stof-
fel et al. 2011). Vegetation could be another reason
for decreasing debris flows (Rengers et al. 2016).
Sandstone and slate are widely distributed in the
upstream areas (Group C). Large temperature dif-
ferences between day and night can induce an
intense freeze—thaw weathering effect, and large
amounts of ravel deposits are present, such as talus
cones. Vegetation is sparse and sunlight is strong,
causing the ravels to be arid with an impermeable
rock layer below. Dry ravels on steeper land have
high water repellence and are not well structured,
which creates low hydraulic conductivity (Moody
et al. 2016; Noske et al. 2016; Sheridan et al. 2016),
whereas short-duration and low-intensity rainfall
can generate excess surface runoff. The dry rav-
els are cohesionless, and surface runoff can form
rills and entrain the ravels to generate debris flows;
notably, high antecedent rainfall is not required for
this process (Coe et al. 2008).

The aridity, structure, and hydraulic conductiv-
ity of Group B fall between those of Groups A and
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C. Long-term, low-intensity rainfall can destroy the
soil aggregate, blocking pathways and decreasing
the hydraulic conductivity (Mataix-Solera et al.
2011). However, short-term, high-intensity rainfall
that exceeds the hydraulic conductivity can gen-
erate excess surface runoff, entrain sediment, and
trigger debris flows.

In terms of physical mechanisms, the day ravels
with poor structure in the upstream area have
lower hydraulic conductivity than the wet glacial
sediment with good structure in the middle area;
therefore, a lower rainfall threshold is required to
generate excess surface runoff, which can easily
entrain the sediment and trigger debris flows. Sim-
ilar results were obtained by Chen et al. (2014),
who argued that debris flows can be triggered much
more easily after long droughts according to statis-
tics of a larger number of debris flow cases.

5.3 Rainfall thresholds compared to other regions

In the study area, the rainfall threshold for the 14
debris flow cases was quite small, and only the rain-
fall amounts for DF1-DF3 in August 2015 were
comparable to the rainfall threshold for debris flows
in southwestern China (Zhou and Tang 2014), the
area of the Chi-Chi earthquake in Taiwan (Chen
et al. 2005), and the Nepal Himalayas (Dahal
and Hasegawa 2008). Indeed, the rainfall thresh-
old in the upstream area was much smaller and
was comparable to that for post-fire debris flows
in California with short duration (<10m) and low
rainfall intensity (1.3~4.0mm/hr) (Cannon et al.
2008) and for a debris flow in Dongchuan, a drought
valley in southwestern China, which had a low rain-
fall intensity of 1.4~26.9 mm/hr (Guo et al. 2013).

In the upstream area of the Parlung Zangbo
Basin, large amount of hillslope sediments with low
hydraulic conductivity in the form of dry ravels are
likely responsible for debris flows that can be easily
initiated by much less rainfall or low rainfall inten-
sity, as in burnt watersheds (Cannon et al. 2008;
Kean et al. 2011). The conditions in other sections
of the Parlung Zangbo Basin are more complex.
Stoffel et al. (2011) found that debris flows in the
Swiss Alps could be triggered by low total rainfall
during early summer rainstorms, when the ablation
of internal ice particles adds considerable amount
of water, whereas the low ice content in moraines
during the summer increases the moraines’ poros-
ity and decreases the soil strength, making this
soil vulnerable to entrainment. We believe that
the addition of water from the ablation of internal
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ice particles and the consequent high porosity and
low strength of the sediment are responsible for
triggering debris flows under low rainfall inten-
sity. A large gap in the rainfall intensity should
exist between the upstream and middle areas, but
rain gauges in the downstream areas may not
record the rainfall in the source area, particularly
for convective rainfall in high alpine areas with
large gradients. Regional rainfall records could be
improved, and rain gauges in the downstream area
could record triggering rainfall events.

5.4 Combined rainfall characteristics and their
effect on the rainfall threshold

Rainfall variations can greatly affect environmen-
tal elements. The middle area of Parlung Zangbo
has plenty of rainfall and rich vegetation. High
trees cover a large portion of the watershed, with
shrubs, grass land, and bare land occurring with
higher elevation. The rainfall duration and totals
are large; therefore, sediment that is sheltered by
trees can be wet during the summer. Additionally,
this sediment is well structured after long rain-
fall events. Both the rainfall duration and totals
in the upstream area of Parlung Zangbo are lower.
Vegetation is sparse, and trees and shrubs can be
found near forks in the river, with sparse grass and
bare land above. Large variations in air tempera-
ture are observed, which creates strong freeze-thaw
weathering and large amounts of ravels. The rain-
fall duration and totals are small; combined with
the intense sunshine and strong wind, the ravels
are always arid and not well structured. The effect
of this sediment variation created differences in the
rainfall threshold.

Generally, the rainfall consistency controls the
occurrence of debris flows. For example, on August
19th, 2015, a strong rainfall event triggered approx-
imately 10 debris flows in Parlung Zangbo. This
situation was more common in the middle areas
and should have been triggered by long-term,
high-intensity rainfall. The rainfall duration and
totals were large; therefore, the sediment had a
high water content, and debris flows could thus
be very large (Zhuang et al. 2009; Stoffel et al.
2011). However, these rainfall patterns could be
reversed, such as through strong convective rain-
fall in the upstream areas, which increases the
rainfall totals. The rainfall threshold was small;
therefore, debris flows could be triggered by con-
vective rainfall in the upstream area, such as the
debris flows in the Jiurong gully on August 4th,
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2015. Here, the rainfall duration and totals were
small, but sediment is abundant; therefore, the
debris flows were always small but had high bulk
density.

The rainfall thresholds for these debris flows
varied greatly because of the large differences in
the regional rainfall and soil characteristics, which
can be used to divide this basin into several
groups. There should be a high density of rain
gauges to record local rainfall events because of
the huge differences in rainfall characteristics and
thresholds.

6. Conclusions

The Indian monsoon moves along the Parlung
Zangbo and produces rainfall events. The rainfall
totals, mean rainfall intensity, peak rainfall inten-
sity, and rainfall duration in the basin consistently
decline with altitude. However, this situation could
become reversed, and convective storm rainfall can
occur in upstream of Bomi which increases the rain-
fall intensity, which might be a result of obstacles
or the confluence of another Indian monsoon source
moving across the southern crest through the lower
bealock.

The uneven distribution of rainfall changed the
natural conditions of the basin and affected the
rainfall threshold for debris flows. In the middle
areas, the rainfall duration is long and vegetation
is rich. The sediment is wet and well structured,
which increases the hydraulic conductivity, and
long-term, high-intensity rainfall is required to
produce runoff and debris flows. Conversely, veg-
etation is sparse and sunlight is strong in the
upstream areas, and the ravels are therefore arid
with low hydraulic conductivity. In this area, short-
term rainfall can generate excess surface runoff
and debris flows without high antecedent rainfall.
Between these two areas, the hydraulic conduc-
tivity is neither too large nor too small, and
both long-term, low-intensity rainfall and short-
term, high-intensity rainfall can trigger debris
flows.

Large differences exist in the regional rainfall and
rainfall thresholds of debris flows, and this basin
should be divided according to the rainfall thresh-
olds from the monitoring and warning of debris
flows. Rain gauges should be set differently, and
indeed, more rain gauges should be placed in the
upstream areas, where local convective rainfall can
trigger debris flows.
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