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Abstract 

Debris flows are one of the typical mountain hazards in the Qinghai Tibet Plateau, and they are also one of the most active and 

harmful hazards in the southeast of Tibet. Different from the formation mechanism of debris-flow hazard at low altitude, the 

debris flows in this alpine region are caused by the coupling of glacier movement, snow melting, and precipitation. To get the 

meteorological conditions in formation area of debris flows at the time of disaster occurrence, the daily temperature and 

precipitation in the areas near glacier tongues were obtained from the method of Anulspin and optimized TRMM data to analyze 

the influence of meteorological conditions on the formation of debris flows, and the ten mega debris flows that occurred after 

1980 in Guxiang, Peilong and Tianmo drainage basins in southeastern Tibet were selected as research samples. The results show 

that the values of climate extremes during the year and the month when most hazards occurred were obviously greater than at 

other times. In addition, we developed a hazards identification model                   (where   represents accumulated 

snow water equivalents in basin and   is the rise rate of accumulated temperature) through a combination of the accumulated 

snow water equivalents and the rise rate of accumulated temperature (> 0℃) in the areas near glacier tongues. The threshold of 

annual climate (       )for identifying the occurrence of mega debris-flow hazard was determined as 5.46. The threshold was 

also verified by three debris-flow events that occurred in other basins (Zhamu, Bianche and Jiaqinbu) in 2007. Moreover, in 

terms of meteorological condition before the debris flows, the cumulative precipitation and average temperature in the areas near 

glacier tongues prior to the first five mega debris flows occurence matched the formula                     
      (where       

is the cumulative precipitation and        is average temperature for 30 days), and all the values of        calculated from the 

subsequent five debris flows exceeded the threshold (155287), which means that the model was satisfactory for predicting the 

occurrence of mega debris flows in this region. 
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1. Introduction

Global warming has accelerated the melting of more accumulated snow and glaciers in the Tibetan Plateau

(Alexander et al., 2006; Yao et al., 2012; IPCC, 2013; Pepin et al., 2015). The increase in water from melting, a key 

triggering factor for debris-flow hazard in the area, reduces the shearing resistance of the material resulting in an 

increase in mobility, which greatly increases the potentiality of a variety of mountain hazards, including debris-flow 

hazard. Moraine deposits can easily be entrained into debris flows with the coupling effects of rainstorms, ice 

avalanches, glacier movement, and melt water, 

On global scale, there is a correlation between increases in global temperature and the scale and numbers of 

debris-flow events (Choi et al., 2009; Cui and Jia, 2015). On regional scale, debris-flow hazard can be related to the 

availability of glacier melt water and the topography of the area (Cui et al., 2010). Understanding debris-flow hazard 

processes in the region is important for the mitigation of geohazards in mountainous terrains, and for infrastructure 

development and protecting human lives and properties. The topic is also a frontier scientific issue for multiple 

hazard processes, as well as disaster forecasting in a complex environmental background. 
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In this paper, we studied the triggering conditions for ten mega debris flows that occurred after 1980 in Guxiang, 

Peilong and Tianmo drainage basins in the alpine region of southeastern Tibet (Fig.1). We analyzed these debris 

flows using long-time scale climatic data and meteorological conditions before the mega debris-flow occurrence.  

Fig. 1. Location of Peilong (a), Tianmo (b), Guxiang (c), Bianche (d), Zhamu (e), Jiaqinbu (f) drainage basins in southeastern Tibet 

2.Climate background for debris-flow occurrence

2.1 The method of principal components extraction from climate data 

Sixteen extreme temperature indices and five extreme precipitation indices, recommended by the Expert Team on 

Climate Change Detection and Indices (ETCCDI), were calculated, and the variation and abrupt characteristics of 

these indices in southeastern Tibet over the past 50 years were analyzed (Table 1). 

Because of the large number of extreme climate indices, which is not conducive to the overall analysis of regional 

climate change, the method of Principal Component Analysis (PCA) was used to reduce sixteen extreme temperature 

indices to three principal components (          using equation (1), also transformed five extreme precipitation 

indices to one principal component (Y) using equation (2). 

1 1 2 3 4 5 6

7 8 9 10 11 12

13 14 15 16

0.29 0.29 0.26 0.29 0.27 0.27

0.26 0.25 0.22 0.20 0.25 0.24

0.28 0.20 0.27 0.06

Y X X X X X X

X X X X X X

X X X X

           

           

       

2 1 2 3 4 5 6

7 8 9 10 11 12

13 14 15 16

0.16 0.24 0.33 0.11 0.05 0.26

0.12 0.01 0.21 0.11 0.21 0.06

0.24 0.30 0.03 0.68

Y X X X X X X

X X X X X X

X X X X

           

           

       

 (1) 

3 1 2 3 4 5 6

7 8 9 10 11 12

13 14 15 16

0.09 0.02 0.08 0.16 0.20 0.11

0.23 0.31 0.35 0.50 0.15 0.38

0.06 0.42 0.02 0.18

Y X X X X X X

X X X X X X

X X X X

            

           

       

where    is the daily maximum temperature,   is the daily minimum temperature,    is the cold night 

frequency,    is the warm night frequency,    is the cold day frequency,    is the warm day frequency,   is the 

warmest night temperature,    is the coldest night temperature,    is the warmest day temperature,     is the 

coldest day temperature,     is the warm spell duration indicator,     is the ice days,     is the frost days,     is 

the summer days,     is the length of growing season,     is the diurnal temperature range. 
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1 2 3 4 50.45 0.48 0.39 0.44 0.46Y X X X X X           (2) 

where    is the annual total precipitation from wet days,    is the very wet day precipitation(＞95th),    is the 

annual maximum 1-day precipitation,    is the annual maximum consecutive 5-day precipitation,    is the 

Number of heavy precipitation days(≧10mm). 

2.2 Analysis of extreme climate anomalies 

Table 1 shows that the abnormal state of annual climate extremes when ten mega debris flows occurred in 

southeastern Tibet. It can be seen that high annual temperature and high annual precipitation are conducive to the 

occurrence of mega glacial debris flows. 

At the monthly scale of climate, air temperatures showed a higher value when 90% of debris flows occurred 

(Table 2). 

Table 1. Abnormal state of annual climate extremes when debris flow occurred in southeastern Tibet ("+" indicates a 

high level, which means a higher value than the average in the past five years;”-” indicates a low level, which means 

a lower value than the average in the past five years) 

the year of hazard 

occurrence 
Extreme temperature Extreme precipitation 

Peilong 1983 + - 

Peilong 1984 + + 

Peilong 1985 - + 

Peilong 2007 + + 

Guxiang 2004 + + 

Guxiang 2005 + - 

Tianmo 2007 + + 

Tianmo 2010 + + 

Table 2. Abnormal state of monthly climate extremes when debris-flow hazard occurred in southeastern Tibet ("+" 

indicates a high level, which means a higher value than the average of the same month in the past five years;”-” 

indicates a low level, which means a lower value than the average of the same month in the past five years) 

the month of hazard 

occurrence 
Extreme temperature 

Peilong Jul-1983 + 

Peilong Aug-1984 - 

Peilong Jun-1985 + 

Peilong Sep-2007 + 

Guxiang Sep-2004 + 

Guxiang Jul-2005 + 

Guxiang Aug-2005 + 

Tianmo Sep-2007 + 

Tianmo Jul-2010 + 

Tianmo Sep-2010 + 
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3. Climatic characteristics prior to debris-flow occurrence

3.1 Determination of the key factors at annual scale 

The snow cover in Tibet reaches its peak in January every year, followed by snow melt through springtime. If 

temperatures rise quickly, snow melts rapidly. In addition, new snowfall during the springtime can add additional 

water to the basins and increase the probability of debris-flow hazard during the snow accumulation and melting 

processes. 

In order to accurately describe the coupling of climate and surface environment on the formation of debris flows, 

we studied five mega debris-flow events occurred after 2000 in three typical glacial debris-flow basins (Peilong, 

Guxiang and Tianmo, see in Fig.2) in southeastern Tibet. The daily temperature data in the areas near glacier 

tongues (glacier activity region, also debris-flow initiation region, see the areas shaded in light blue in Fig.2) was 

interpolated by the method of Anusplin (Hock, 2003; Hijmans et al., 2005; Hutchinson, 1991; Hutchinson and Xu, 

2013) to characterize the active state of glacier melting indirectly. In addition to glacial activity, snow melting also 

provides a great deal of water for triggering mega debris flows. We calculated the cumulative snow-water equivalent 

to describe the active state of snow melting in Tianmo, Guxiang and Peilong basins prior to the occurrence of debris 

flows from the MODIS snow products (Hall et al., 2002; Tekeli et al., 2005; Hall et al., 2006; Gafurov et al., 2009; 

Morriss et al., 2016) and the passive microwave remote sensing data-SSM/I (Derksen  et al., 1998; Che et al., 2004; 

Tong et al., 2010; Stigter et al., 2017). 

Fig. 2. Definition of glacier activity regions (areas shaded in light blue) in the debris-flow basins studied 
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Table 3. The rising rate of air temperature in ℃ during the year prior to debris-flow occurrence in Peilong, Guxiang 

and Tianmo basins shown in Fig.2 (the value of rising rate calculating explained in Fig.3) 

Time 
Rising rate prior to debris-

flow occurrence 

Rising rate during the same 

period of no hazard occurrence 

Peilong Sep-2007 1.4379 1.6745 

Guxiang Sep-2004 1.5982 1.5564 

Guxiang Jul-2005 1.5366 1.6236 

Tianmo Sep-2007 1.5964 1.7285 

Tianmo Jul-2010 1.5103 1.6053 

Taking the Fig.3 as an example, the larger rising rate of cumulative temperature ( 0℃) in the areas near glacial 

tongues, and the faster melting rate of glacier. 

Fig. 3. Rising rate of accumulated temperature in the year prior to debris-flow occurrence (the black points represent the cumulative value of 

accumulated temperature from the first day in January to the time when hazard occurrence; the red line is the fitting trend of all black points.). 

The cumulative snow-water equivalent (Kodama et al., 1979; Gao et al., 2010; Alonsogonzález et al., 2018) from 

January to the time when hazards occurrence was calculated for the Guxiang, Tianmo and Peilong basins using 

equation (3), In addition, we defined the snow water equivalent (SWE) coefficient (the cumulative SWE was 

normalized by dividing newly accumulated snow volume by the area of each basin) in this paper, which eliminated 

the effect of area differences among different basins. 

              ∑        
      
           (3) 

where               is the total volume of newly accumulated snow,      is the number of newly 

accumulated snow days,      is the volume of newly accumulated snow per day. 

3.2 Analysis of the climate characteristics at annual scale 

An optimal threshold line (defined by equation 4) can be found by comparing the rising rate of accumulated 

temperature and the SWE, which effectively separates periods of debris-flow hazard and periods of no hazard. The 

threshold value is 5.46 (Fig.4a). 

                          (4) 

where         is the threshold determination model by annual climatic characteristics,   is SWE coefficient 

(normalized value of the cumulative SWE), and   is the rising rate of accumulated temperature in debris-flow 

initiation region. 
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Fig. 4. (a)The rising rate of accumulated temperature and SWE coefficient during the period of debris-flow hazard and the period of no debris-

flow hazard; (b) ‘vali’ means that we validate the model by the other three debris-flow basins (Zhamu, Bianche, Jiaqinbu, see Fig. 1.) during the 

period of debris-flow hazard and the period of no debris-flow hazard. 

The rising rate of accumulated temperature and the SWE coefficient when the debris-flow hazard occurred in 

Zhamu, Bianche and Jiaqinbu (Fig.1) in 2007 were calculated to validate the threshold model (Fig.4b), Results 

showed that the threshold line also effectively separates the model value in Zhamu, Bianche and Jiaqinbu basins 

during the period of debris-flow hazard and the period of no debris-flow hazard in terms of annual climatic change.  

4. Short-term meteorological characteristics prior to debris-flow occurrence

4.1 Extraction of daily temperature and precipitation for 30-day period prior to debris flows 

The formation of debris flows is influenced not only by the annual climatic characteristics, but also by the 

meteorological conditions in the 30-day period prior to the events. By using the method of Anusplin (Hock, 2003; 

Hijmans et al., 2005; Hutchinson, 1991; Hutchinson and Xu, 2013) and optimized TRMM data, the 30-day 

meteorological conditions (temperature and precipitation) prior to the ten mega debris flows occurrence in the 

Peilong, Guxiang, and Tianmo basins were estimated (Table 4). 

Table 4. 30-day temperature and precipitation prior to these ten debris flows 

The time of debris-

flow occurrence 

30-day average temperature prior to debris-

flow hazard (℃) 

30-day accumulated precipitation prior to debris-

flow hazard (mm) 

Peilong 

1983/7/28 13.36 99.24 

1984/8/23 11.76 132.45 

1985/6/18 10.02 193.70 

2007/9/4 12.83 97.77 

Guxiang 

2004/9/7 13.20 88.14 

2005/7/30 14.02 82.13 

2005/8/6 13.50 91.42 

Tianmo 

2007/9/4 13.09 93.40 

2010/7/25 14.31 108.23 

2010/9/4 13.11 103.37 

a b 
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4.2 Analysis of the meteorological characteristics at daily scale 

A threshold model was established by using the 30-day average temperature and accumulated rainfall of the five 

glacial debris flows with the earliest dates of occurrence (equation 5), and the value of threshold is 155287 (Fig.5a). 

The model results (      ) from the subsequent five debris-flow events were calculated, and the values were greater 

than 155287 (Fig.5b), which means that the model successfully predicted the occurrence of mega debris flows in the 

region. 

                    
      (5) 

where        is the threshold model determined by meteorological characteristics prior to hazards,        is the 

30-day accumulated rainfall in debris-flow initiation region prior to hazards.       is the 30-day average 

temperature in debris-flow initiation region prior to hazards . 

Fig. 5. (a) Meteorological conditions in the areas near glacier tongues in the 30 days prior to the first five mega debris flows; (b) validation of 

model using five subsequent debris flows 

5. Conclusion and discussion

This paper innovatively obtained the change of air temperature and precipitation in debris-flow initiation region

by using the method of Anusplin and optimized TRMM data, which were used to describe the climatic conditions 

conductive to the formation of debris-flow hazard from different time scales, and build the corresponding threshold 

models. Although we use redundant samples of debris-flow hazard to validate these models we built, and the results 

showed that the threshold line of model could effectively separates the model value in the validation sample debris-

flow basins (Zhamu, Bianche and Jiaqinbu) during the period of debris-flow hazard and the period of no debris-flow 

hazard.  

However, there are still some space to revise and upgrade the research conclusions in this paper: 

1) At present, we only use the changes of temperature and SWE to describe the active state of the glacier and

snow indirectly in debris-flow basins, and cannot quantify the water supplied from of glacier or snow melting, 

which is not conducive to set up a quantitative equation to describe the initiation process of debris-flow 

hazard.  

2) For getting the climatic condition conducive to trigger a mega debris-flow hazard, there are a small number

of mega glacial debris-flow samples in southeastern Tibet since 1980 we collected to reduce the impact of the 

strong earthquakes happened in Motuo in 1950 (M 8) on providing a lot of fresh loose materials for debris-

flow drainage basins. It is necessary to collect more samples of debris-flow hazard to validate or optimize the 

model in this paper. 

a b 
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