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Abstract 

As torrential flooding often cause huge economic losses and casualties, analyzing the spatio-temporal variation characteristics of 

torrential flooding events is of great significance to disaster prevention and reduction. Based on five indicators for torrential 

floodingin the Tarim Basin in 1990-2019, ratio weighting and non-dimensional linear summation were employed to calculate 

disastrous loss indicators that represent disaster intensity. Afterwards, percentile method was used to divide disasters into four 

levels, i.e., general, relatively severe, severe and extremely severe. The results showed that the regions where Level-1 to Level-4 

disasters frequently and recurrently occur are concentrated in Kizilsu Kirghiz Autonomous Prefecture, Aksu Prefecture and 

Kashgar Prefecture and that such disasters often take place from April to July. The interannual variation of the frequency and 

intensity of Level-1 disasters presented a linear upward trend, and the frequency and disastrous loss indicator increased by 14.6 

and 0.8 per 10a, respectively. The interannual variation of the frequency and intensity of Level-2 to Level-4 disasters did not 

show a linear increase or decrease trend. The threshold for 12-hour precipitation that may cause torrential flooding in the basin 

from March and October is 10mm. The annual frequency of 12-hour precipitation exceeding the threshold increased year by year, 

so did the frequency and intensity of Level-1 disasters. 

Keywords 

Torrential Flooding Disaster, Disaster Exponent, Disaster Intensity, Temporal and Spatial Distribution, Tarim Basin 

 

1.Introduction 

Torrential flooding refers to the disasters caused by tor-

rential rains or long-time heavy rainfalls, such as mountain 

torrents, debris flows and urban waterlogging [1]. Torrential 

flooding is one of the most frequent and serious natural dis-

asters in China, causing huge economic losses and casualties 

every year [2, 3]. The number of deaths caused by floods in 

China in 1953-2013 showed an overall downward trend, but 

economic losses and flood-affected crop areas were on the 

rise [4]. Given warm and humid climates, heavy precipitation 

events in some parts of China are increasing [5, 6], and the 
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hazards from torrential flooding resulting from heavy rainfalls 

have escalated [7]. In recent decades, urbanization and soci-

oeconomic development led to increased exposure and vul-

nerability of material wealth in the process of population 

growth [8], and floods exerted growing impacts [9, 10]. 

The research methods for torrential floodingin China and 

abroad are mainly divided into two categories. The first is to set 

comprehensive disaster indicators and disaster levels based on 

multiple factors such as disastrous loss, meteorological and 

hydrological elements and geographic information [11-14], and 

analyze the pattern of spatio-temporal changes in disasters on 

this basis [15-17]. Chen Ying et al. [18] discussed the change 

characteristics and influencing factors of floods in China ac-

cording to the data regarding floods, arable area and annual 

precipitation in eastern China from the end of 19th century to 

the beginning of 21st century, after which they pointed out that 

scale periods were varied in flooding in the country and that 

there was a good correspondence between annual precipitation 

and flood variation cycle in eastern China. The second is to 

study disaster indicators in small time and space scales ac-

cording to various factors such as disaster-causing factors, 

disaster-bearing environment and disaster-bearing bodies, and 

make division and prediction on this basis [19-21]. 

The relatively high-intensity rainstorms [22] and the small 

vegetation cover area make the Tarim Basin highly prone to 

floods. The Tarim Basin saw a significantly higher proportion 

of direct economic losses caused by torrential flooding in 

annual GDP than most parts of China [23]. Therefore, studies 

on the pattern of spatio-temporal changes in torrential flood-

ing in the region are of important guiding significance to 

strengthening the disaster risk prevention ability. Up to now, 

Chinese scholars have carried out some research on torrential 

flooding in Xinjiang. For instance, Wang Ni et al. [24] used 

linear regression to analyze precipitation and GDP data from 

1984 to 2016 and found that the frequency of torrential 

flooding in Xinjiang was positively correlated with precipita-

tion and GDP. Wu Meihua et al. [25] analyzed the disaster-hit 

area and annual precipitation from 1949 to 2014 via the in-

formation diffusion theory and found that the elevated fre-

quency and intensity of precipitation was the direct cause of 

increased floods in Xinjiang. 

However, no studies have been conducted on the charac-

teristics and causes of climates that may cause torrential 

flooding of different intensities in the Tarim Basin. With five 

disaster elements, namely the death toll, the number of col-

lapsed houses, the number of collapsed folds, the number of 

livestock deaths and the disaster-hit area, regarding torrential 

flooding that occurred in 42 counties (cities) in the Tarim 

Basin from 1990 to 2019, the author used statistical methods 

to determine disastrous loss indicators that could compre-

hensively express disaster intensity. The disastrous loss in-

dicator was used to rate disaster events by intensity. Based on 

these, analysis was conducted on the spatial and temporal 

distribution characteristics of torrential flooding of different 

intensities, and discussions were held on the causes of spatial 

and temporal variations in disasters according to short-time 

heavy precipitation. 

2.Data and Methods 

2.1. Data 

The disaster information of 42 counties and cities around 

the Tarim Basin from 1990 to 2019 was collated according to 

records of torrential flooding kept by the Civil Affairs De-

partment of Xinjiang Uygur Autonomous Region. The in-

formation was based on 1,191 records about the occurrence 

date (MM/DD/YYYY), occurrence region (county/city), 

death toll (persons), the number of collapsed houses (houses), 

the number of collapsed folds (folds), the number of livestock 

deaths (animals) and the disaster-hit area (hm
2
). In the case of 

torrential flooding occurred once in a county or city, the 

number of torrential flooding in the county or city was rec-

orded as 1. 

The causes of spatial and temporal distribution were ana-

lyzed based on 12-hour precipitation data from 38 meteoro-

logical stations around the Tarim Basin at night (20:00-08:00) 

and during the day (08:00-20:00) from the National Meteor-

ological Information Centre. 

2.2. Methods 

Due to the different units of the five disaster elements, it is 

impossible to directly compare different disaster events. A 

disastrous loss indicator ( iZ ) that can express the five disaster 

elements is required to facilitate the comparison of the intensity 

of each disaster event. The weight of each disaster element was 

determined by the ratio method, based on which iZ was de-

termined with the use of non-dimensional linear summation. 

Assuming that each disaster element is composed of n

samples ( n =1,191), a disaster element evaluation matrix 

     can be created. The formula to calculate the disastrous 

loss indicator Zi is [1]: 

5
,
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Where, jaX  represents the maximum value of the j th 

disaster element. 

From the above formula, it can be seen that the maximum 

value is nondimensionalized in the determination of the weight, 

which can ensure the equivalence of the five disaster elements. 

The mean value is nondimensionalized in the calculation of 

the disastrous loss indicator, which can ensure certain differ-

ence in the disastrous loss indicator. After the calculation of 

Formula (1), the weight coefficient, the average and the max-

imum value of five disaster factors can be noted in Table 1. 

Table 1. Weight coefficient, average and maximum value of disaster factors. 

 Deaths  

(persons) 

Collapsed houses 

(houses) 

Collapsed sheds 

(seats) 

Livestock deaths 

(heads) 

Crops affected area 

(hm2) 

Weight 0.11 0.35 0.12 0.21 0.20 

Average 0.4 159.1 72.3 441.8 1386.1 

Maximum 35 4354 5854 20366 66530 

 

The closeness between the disastrous loss indicator and 

disaster elements is determined from the correlation coeffi-

cient between the two. The correlation coefficients between 

the disastrous loss indicator and the death toll, the number of 

collapsed houses, the number of collapsed folds, the number 

of livestock deaths and the disaster-hit area were 0.45, 0.83, 

0.68, 0.62, 0.37, respectively, and they were positively cor-

related and higher than the significance level of 0.001. This 

indicates that the disastrous loss indicator can not only com-

prehensively express the five disaster elements but reflect the 

intensity of the disaster event. The percentile method is used 

to determine the damage exponent grade [26, 27]. Percentile 

is a kind of position exponent. According to the range of 

threshold change, the disaster is divided into four grades 

representing different strengths (specificresults are listed in 

Table 2). 

Table 2. Grading criteria of storm flood disasters in Tarim Basin. 

Percentile r (%) Disaster exponent Zi Disaster grade 

r≤50 Zi≤0.29692 Mild (Grade 1) 

50.1≤r≤75 0.29693≤Zi≤1.10682 Moderate (Grade 2) 

75.1≤r≤90 1.10683≤Zi≤2.97784 Severe (Grade 3) 

r≥90.1 Zi≥2.97785 Extremely severe (Grade 4) 

 

3. Results and Analysis 

3.1. Spatial Distribution 

The GIS natural breaks classification was adopted to make 

the spatial distribution of torrential flooding by frequency and 

disastrous loss indicator [28]. This method can fully express the 

similarity and difference between the data (Figure 1). The re-

gions were ranked by annual frequency in descending order: 

Aksu Prefecture in the northern basin, Kizilsu Kirgiz Auton-

omous Prefecture (referred to as “Kezhou”) and Kashgar Pre-

fecturein western basin, Hotan Prefecturein southern basin, and 

Mongolia Bayinguoleng Autonomous Prefecture (referred to 

as “Bazhou”) in eastern basin. The regions were ranked by 

disastrous loss indicator in descending order: Kashgar Prefec-

ture, Aksu Prefecture, Kezhou, Hotan Prefecture and Bazhou. 

Therefore, disasters frequently and recurrently occurred in 

Aksu Prefecture, Kashgar Prefecture and Kezhou. Much at-

tention should be paid to the prevention of disasters in these 

regions. The top three counties by annual frequency are 

Baicheng, Wensu and Akto, while the top three counties by 

disastrous loss indicator are Shache, Aksu and Jiashi. 

The 12-hour precipitation sequence corresponding to the 

disaster event was composed by the maximum precipitation for 

20:00-08:00 and 08:00-20:00 periods on the day when a tor-

rential flood event occurred. The threshold for 12-hour precip-

itation that may cause torrential flooding is 10mm, which was 
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calculated with the use of percentile method under r = 20. 

Torrential flooding often took place from March to October 

(see the following section for details). Data was collected about 

the frequency (Nk, k = 1, 2, …, 38) of 12-hour precipitation 

greater than or equal to 10mm from 38 meteorological stations 

around the Tarim Basin from March to October in 1990-2019, 

indicating that the region with a high value of Nk is a region 

where disasters frequently and recurrently occurred. 

  
Figure 1. Geographical distribution of annual occurrence times (a) and annual disaster exponent (b) of storm flood disasters in Tarim Basin. 

The geographical distribution of the annual frequency of 

Level-1 to Level-4 disasters shows obvious difference (Figure 

2). Level-1 disasters occurred most in Kezhou, followed by 

Aksu Prefecture. Level-2 disasters occurred most in Aksu 

Prefecture, followed by Hotan Prefecture. Level-3 disasters 

occurred most in Kashgar Prefecture, followed by Aksu Pre-

fecture. Level-4 disasters occurred most in Aksu Prefecture, 

followed by Kashgar Prefecture. The top four counties by 

annual frequency of Level-1 to Level-4 disasters are Baicheng, 

Wensu, Akto and Shache. 

  

  
Figure 2. Geographical distribution of annual occurrence times of storm flood disasters with grades 1 to 4 in Tarim Basin. (a), (b), (c) and (d) 

respectively represent grade 1 to 4 disasters. 
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3.2. Monthly and Seasonal Variation 

The frequency of a certain level of disasters in a month refers 

to the result of the total number of disasters in 42 counties and 

cities from 1990 to 2019 divided by 30 (years), which is similar 

to the method to calculate the disastrous loss indicator and the 

frequency (RM) of 12-hour precipitation exceeding 10mm. 

Torrential flooding in the basin often took place from March to 

October, presenting an unimodal distribution. June saw the 

highest number of torrential floods, which were concentrated in 

May-August, with frequency accounting for 82% of the total. 

Level-1 and Level-2 disasters were concentrated in 

May-August, with peaks in July and June, respectively. Level-3 

and Level-4 disasters were concentrated in April-July, with 

peaks in June and July, respectively (Figure 3). 

  

 
Figure 3. The seasonal distribution of occurrence times (a) and disaster exponent (b) of storm flood disasters with grade 1 to 4 in Tarim Basin, 

and the seasonal distribution of occurrence times of precipitation exceeding 10mm in 12h from March to October (c) in Tarim Basin. 

Both the intensities of torrential flooding and Level-1 to 

Level-4 disasters were higher in April-July and the highest in 

July. As shown in Figure 3c, the monthly distribution of RM is 

very similar to that of the frequency and the intensity of dis-

asters. This suggested that 12-hour heavy rainfalls were easy 

to cause flooding in the basin. 

3.3. Interannual Variation 

The interannual variation of the frequency and disastrous 

loss indicator for Level-1 to Level-4 torrential floods in the 

Tarim Basin shows diversity (Figure 4). The frequency and 

disastrous loss indicator of Level-1 disasters demonstrated a 

linear upward trend (Figure 4a and Figure 4b), up by 14.6 and 

0.8 per 10a, respectively. The frequency and disastrous loss 

indicator of Level-2 disasters fluctuated around the climate 

normal at 9.9 and 6.0 (Figure 4c and Figure 4d), showing no 

linear increase or decrease trend. The maximum values ap-

peared in 1992, 1996 and 2010 respectively. The frequency 

and disastrous loss indicator of Level-3 disasters moved 

around the climate normal at 5.6 and 9.3 (Figure 4e and Figure 

4f). The frequency and disastrous loss indicator of Level-4 

disasters fluctuated around the climate normal at 4.0 and 21.5 

(Figure 4g and Figure 4h). The maximum values appeared in 

1996 and 1999. 

RY expresses the number of meteorological stations that de-

tected 12-hour precipitation of more than 10mm from March to 

October in a year. As shown in Figure 4h, RY increased amid 

fluctuations. The regression equation for RY and the frequency 
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(Y1) of Level-1 disasters: Y1 = 0.28RY+ 4.31 (R = 0.43, P = 0.02), 

and the regression equation for RY and the disastrous loss in-

dicator (Z1) of Level-1 disasters: Z1 = 0.02RY+ 0.06 (R = 0.49, P 

= 0.005). The correlation coefficient R and significance level P 

in the regression equations fully indicate that Y1, Z1 are closely 

related to RY. Therefore, as RY increased year by year, Y1 and Z1 

showed a linear upward trend. 
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Figure 4. Interannual variation of occurrence times and damage exponent of storm flood disasters with 1-4 (a-h) in Tarim Basin, occurrence 

times of precipitation exceeding 10mm in 12h (k) in Tarim Basin. 

Figure 5 shows the interannual variation of the frequency (Y) 

and disastrous loss indicator (Z) for torrential flooding. The Y 

value for a given year is the sum of frequencies of Level-1 to 

Level-4 disasters, and the Z value for the given year is the sum of 

disastrous loss indicators of Level-1 to Level-4 disasters. Y and Z 

demonstrate the frequency and intensity of torrential flooding in 

the basin. The ratio of the average frequency of Level-1 to Lev-

el-4 disasters to the mean value of Y represents the contribution 

rate of the frequency of Level-1 to Level-4 disasters to Y. Simi-

larly, the contribution rate of the disastrous loss indicator of 

Level-1 to Level-4 disasters to Z can be calculated. The results 

showed that the contribution rate of the frequency of Level-1 to 

Level-4 disasters to Y is 50%, 25%, 15% and 10% respectively, 

and the contribution rate of the disastrous loss indicator of Lev-

el-1 to Level-4 disasters to Z is 4%, 16%, 24% and 56% respec-

tively. It can be seen that the interannual variation of Y is mainly 

affected by Level-1 disasters, while the interannual variation of Z 

is mainly affected by Level-4 disasters. Therefore, the frequency 

of disasters in the basin presented a significant linear uptrend, 

and the disastrous loss indicator fluctuated around the climate 

normal. The maximum values appeared in 1996 and 1999. 

 
Figure 5. Interannual variation of occurrence times (a) and disaster exponent (b) of storm flood disasters in Tarim Basin. 

4. Conclusions 

From the perspective of spatial distribution, the regions 

where torrential flooding frequently and recurrently occurred 

in the Tarim Basin are Aksu Prefecturein northern basin and 

Kezhou and Kashgar Prefecturein western basin. Much at-

tention should be paid to the prevention of disasters in these 

regions. The two regions that saw the highest frequency of 

Level-1disasters are Kezhou and Aksu Prefecture, Aksu Pre-

fecture and Hotan Prefecture for Level-2 disasters, Kashgar 

Prefecture and Aksu Prefecture for Level-3 disasters, and 

Aksu Prefecture and Kashgar Prefecture for Level-4 disasters. 

The regions with 12-hour precipitation of more than 10mm in 

March-October are the regions where disasters frequently and 

recurrently occurred. 

In terms of monthly distribution, torrential floods in the 

basin often took place from March to October and were con-

centrated in May-August. Level-1 and Level-2 disasters were 

concentrated in May-August, with peaks in July and June, 

respectively. Level-3 and Level-4 disasters were concentrated 

in April-July, with peaks in June and July, respectively. The 

intensity of disasters in the basin was higher in April-July. 
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The monthly distribution of the intensity of Level-1 to Lev-

el-4 disasters was similar to that of the frequency of disasters. 

The monthly distribution of the frequency of 12-hour precip-

itation of more than 10mm was consistent with that of the 

frequency and intensity of disasters. 

As far as interannual variation is concerned, the frequency 

and intensity of Level-1 disasters showed a significant linear 

uptrend, up by 14.6 and 0.8 per 10a, respectively. The fre-

quency and disastrous loss indicator of Level-2 to Level-4 

disasters fluctuated around the climate normal, showing no 

linear increase or decrease trend. There is a remarkable 

positive correlation between the frequency (RY) of 12-hour 

precipitation of more than 10mm in March-October and the 

frequency and disastrous loss indicator of Level-1disasters. 

This indicates that the continuous increase of RY led to a 

linear increase in the frequency and intensity of Level-1 

disasters. 

The research shows that short-term heavy rainfall is the 

disaster causing factor of torrential flooding, and short-term 

heavy rainfall can be used to carry out the research on fore-

casting methods of torrential flooding in the future. 
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