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Abstract:



Flash floods are important natural disasters in China that can result in casualties and property losses. In this paper, we present a quantitative approach to examine the driving factors of the spatiotemporal distribution of flash floods based on a geographical detector. The environmental background condition (elevation, slope, etc.), precipitation, and human activity factors, as well as changes in these factors, are investigated in Sichuan Province via a driving force analysis. The results show that heavy precipitation is the most important driver, with power of determinant (PD) values of 0.71 and 0.77 for the spatial distributions of flash floods from 1995 to 2004 and from 2005 to 2014, respectively. The PDs of population density are 0.65 and 0.78 in the same two periods, while those of elevation are 0.59 and 0.73. Precipitation variability is the most important driver of the spatiotemporal variability of flash floods, followed by GDP density and population density, with PDs of 0.48, 0.29, and 0.27, respectively. The results show that human activities and precipitation are the primary driving forces of the spatiotemporal variability of flash floods and should be the focus of flash flood prevention and forecasting.
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1. Introduction


China is a mountainous country, and flash floods are the primary natural disaster that causes casualties. Statistics show that the proportions of deaths caused by flash floods to those caused by all flood disasters from 2004 to 2010 were 78%, 84%, 71%, 75%, 80%, 80%, and 90%, per year respectively, with 3887 people dead or missing in 2010 [1,2]. Notably, 560 million residents are scattered throughout hilly areas of China, where flash floods are likely to cause casualties during the rainy months. Understanding the temporal-spatial patterns of flash floods and the associated driving factors can prevent flash flood-induced casualties [3].



Previous studies have indicated that a flash flood is the combined result of various spatiotemporal factors [4,5,6]. Both qualitative and quantitative methods have been applied in flash flood research. Qualitative methods have primarily focused on evaluating the risk of flash flood and danger zone division, including the main factors that affect the distribution of flash floods. These qualitative methods can provide guidance for the prevention and control of flash floods, but their results are subjective, and the accuracy of the conclusions is difficult to verify [7,8,9]. Therefore, several researchers have assigned quantitative weights to risk factors by establishing an analytical hierarchy and expert scoring methods [10,11,12]. Such methods can be used to assess the driving forces of flash flood distributions. This method can be considered a semi-quantitative method. However, qualitative and semi-quantitative methods are objective, and they are not sufficiently accurate. Quantitative methods have focused on the impact of precipitation or vegetation on flash flood occurrence in a local area, such as a small gully or a large watershed [13,14,15]. However, the temporal evolution of factors was not considered in these studies, which used static indices to reflect dynamic factors such as the population distribution, vegetation, land use, and precipitation [16,17,18,19,20]. Furthermore, the spatial heterogeneity of the factors is not considered; therefore, the factors cannot be sufficiently evaluated, and the applicability of such methods is severely limited. Since a flash flood has significant spatial and temporal characteristics, the results from only a spatial or temporal perspective will not be sufficiently objective [21,22]. Therefore, it is necessary to quantitatively assess the environmental background condition factors and the dynamic factors associated with flash floods.



In this manuscript, we applied a geographical detector based on classification and grading to quantitatively analyze the driving factors of flash floods: precipitation, environmental background conditions and human activities. The results revealed that the spatial distribution of flash flood is comprehensively affected by these factors.




2. Study Area


Sichuan Province is located in southwestern China, between 97°21′ E to 108°33′ E and 26°03′ N to 34°19′ N. The area of the province is 486,000 km2, and the population was 82.62 million at the end of 2016. The altitude of Sichuan Province varies from east to west, increasing from 220 m to 7556 m, respectively, Additionally, the landform of the province is complex and includes the Sichuan Basin (SB); low-, middle-, and high-altitude areas; and high mountain areas [23]. The SB is one of the most densely populated areas in China. Additionally, large differences in precipitation exist across Sichuan Province. The annual precipitation ranges from 1200 to 1600 mm, 900 to 1200 mm, and 500 to 900 mm in the SB, southwest, and northwest, respectively, and the maximum daily precipitation ranges from 40 to 300 mm. As shown in Figure 1, 11% of the 6000 flash floods that resulted in casualties in China occurred in Sichuan Province [24].


Figure 1. Study area and historical flash floods.
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3. Data and Methods


3.1. Data


In 2013 to 2015, the National Flash Flood Investigation and Evaluation Project (NFFIEP) was launched to investigate the historical flash floods that occurred from 1949 to 2015 at the county level [25,26,27]. The flash flood data used in this study are from the NFFIEP dataset. The driving factors of flash floods include precipitation, environmental background conditions, and human activities, and these data are shown in Table 1.



Table 1. List of data used.







	
Factors

	
Parameters

	
Scale or Resolution

	
Time

	
Data Sources






	
Flash floods

	
flash floods

	
1:50,000

	
1949–2014

	
Flash Flood Investigation and Evaluation Dataset of China (FFIEDC)




	
small watershed

	
1:50,000

	
2014

	
FFIEDC




	
Environmental background conditions

	
elevation

	
1:50,000

	
2014

	
SBSC




	
slope

	
1:50,000

	
2014

	
SBSC




	
soil type

	
1:100,000

	
2014

	
RESDC *




	
Precipitation

	
daily precipitation

	
-

	
1995–2014

	
CMA




	
Human activities

	
population density

	
1 km × 1 km

	
2000, 2010

	
RESDC *




	
farm land

	
1 km × 1 km

	
2000, 2010

	
RESDC *




	
vegetation fractional coverage of vegetation

	
1 km × 1 km

	
2000, 2010

	
NASA, MODIS




	
GDP density

	
1 km × 1 km

	
2000, 2010

	
RESDC *








* The dataset is provided by the Resources and Environmental Sciences Data Center (RESDC), Chinese Academy of Sciences (http://www.resdc.cn).








	(1)

	
The flash flood data for Sichuan Province from 1949 to 2014 were derived from the FFIEDC, and these data include the location, time, and number of casualties.




	(2)

	
Small watershed (10 to 50 km2) data are from the FFIEDC.




	(3)

	
A digital elevation model (DEM) was obtained from the Bureau of Surveying and Cartography (SBSC). The DEM included elevation and slope.




	(4)

	
Soil type data were provided by the RESDC. The soil types included silt, sandy loam, sandy clay, loam, clay, and rock.




	(5)

	
Daily precipitation data from the meteorological stations in Sichuan Province and the surrounding areas were obtained from the National Weather Service of China.




	(6)

	
The GDPs for 1 km × 1 km grid population data were obtained from the RESDC. These spatially distributed data were transformed from census data based on a specialized model.




	(7)

	
The fractional coverage of vegetation was calculated from the 1 km × 1 km grid MOD13A2 of NASA, as shown in Equation (2).








3.2. Methodology


3.2.1. Factor Acquisitions


Small watersheds of 10 to 50 km2 are basic management units for flash flood control planning in China and are defined in the FFIEDC [27]. In this study, Sichuan Province is divided into 30,878 small watersheds, as shown in Figure 2. The average watershed area is 15.3 km2, wherein the number of sub-basins of 0 to 10 km2 occupied 21%, those of 10 to 20 km2 occupied 52%, those of 20 to 30 km2 occupied 20%, those of 30 to 40 km2 occupied 5%, and those of 40 to 50 km2 occupied 2%. The various factors and parameters investigated in this paper, listed in Table 2, were extracted from each watershed.


Figure 2. Small watersheds of Sichuan Province.
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Table 2. Factors and parameters.







	
Type

	
Factor Name

	
Description






	
Flash flood intensity

	
F(95-04)

	
Disaster intensity index of a small watershed from 1995 to 2004




	
F(05-14)

	
Disaster intensity index of a small watershed from 2005 to 2014




	
Environmental background conditions

	
Ele

	
Average elevation of a small watershed (m)




	
Slp

	
Average slope of a small watershed (°)




	
Soil

	
Soil type that accounts for the largest proportion of the total area in a small watershed




	
Precipitation

	
P5

	
Index of days with daily precipitation greater than 5 mm




	
P50

	
Index of days with daily precipitation greater than 50 mm




	
P100

	
Index of days with daily precipitation greater than 100 mm




	
Human activities

	
POP

	
Population density (persons/km2)




	
Pcul

	
Percentage of the total area of cultivated land (%)




	
VFC

	
fractional coverage of vegetation (calculated from NDVI(Normalized Difference Vegetation Index) data)




	
GDP

	
GDP density (10,000 yuan/km2)










(1) Flash flood intensity



The flash floods in Sichuan Province during the 20-year period of 1995 to 2014 were divided into two periods: 1995 to 2004 (D95–04) and 2005–2014 (D05–14). The flash flood points were converted into continuous raster data using Getis-Ord Gi* based on the density of points of flash flood, and the map of statistically significant hot and cold spots was detected [28]. An area weighting method was used to calculate the flash flood intensity of each small watershed [29].



The flash flood points were converted to continuous raster data using the Getis-Ord Gi* statistic (Figure 2) [29]. Using the flash flood points, a map of statistically significant hot and cold spots using the Getis-Ord Gi* statistic was retrieved. The Getis-Ord Gi* statistic evaluates the characteristics of the input feature class to produce the optimal results as a fishnet map [29].



(2) Ele and Slp



Ele and Slp are the mean values in a small watershed, which are extracted from a 1:50,000 digital elevation model with a spatial resolution of 25 m × 25 m.



(3) Soil



‘Soil’ is the soil type that accounts for the largest proportion of the total area of a small watershed.



(4) P5, P50, and P100



The precipitation characteristics that influence flash floods include the duration, intensity, and total quantity such as the sub-daily precipitation and sub-daily extremes. However, the sub-daily precipitation is not available in the study area. Daily precipitation data were obtained from the meteorological stations in Sichuan Province and the surrounding areas, and three precipitation indices were calculated for each meteorological station, as shown in Equation (1). The spatial distribution of each index was obtained using ANUSPLIN software (Australian National University, Canberra, Australia) [30]. Finally, the area weighting method was used to calculate the three precipitation indices of each small watershed:


[image: there is no content]



(1)




where m is the number of years, n is the number of rainy days, [image: there is no content] is the daily precipitation on day d, and [image: there is no content] = 5, 50, or 100, which is the threshold of the ith precipitation index of daily precipitation. Pi was classified into five classes with the ‘natural breaks’ method in ArcGIS software, which are ordered from highest value to the lowest; namely, 1, 2, 3, 4, and 5.



(5) VFC (Vegetation Fractional Cover)



VFC is calculated from normalized difference vegetation index (NDVI) grid data [31], as shown in Equation (2).
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(2)




where VFC is the fractional coverage of vegetation, NDVIi is the NDVI value of the ith grid, NDVImax is the largest NDVI value in the study area, and NDVImin is the smallest NDVI value in the study area.



(6) POP, Pcul, and GDP



In China, the GDP and population data are collected at the county level. The POP, Pcul, and GDP values of a small watershed are assigned the value of the county in which the watershed is located.



(7) Variation in the flash flood intensity



To analyze the effects of dynamic factors on the distribution of the flash flood intensity in different periods, the rate of change in flash flood intensity was calculated as a function of environmental and human factors, as shown in Equations (3) to (5).



[image: there is no content] is index of change in the ith small watershed:


[image: there is no content]



(3)




where [image: there is no content] is the flash flood intensity of the ith small watershed in D05–14 and [image: there is no content] is the flash flood intensity of the ith small watershed in D95–04.



(8) Changes in precipitation and human activity factors



[image: there is no content] is the change in the jth precipitation index in the ith small watershed:


[image: there is no content]



(4)




where [image: there is no content] is the jth precipitation index of the ith small watershed in D05–14 and [image: there is no content] is the jth precipitation index of the ith small watershed in D95–04.



[image: there is no content] is the change in the jth human activity factor in the ith small watershed:


[image: there is no content]



(5)




where [image: there is no content] is the jth human activity factor of the ith small watershed in D05–14 and[image: there is no content] is the jth human activity factor of the ith small watershed in D95–04.




3.2.2. Geographical Detector-Based Assessment


The geographical detector is a new tool to test and to search for the spatial stratified heterogeneity of a variable Y, which tests the association between two variables Y and X according to the consistency of their spatial distributions (overlaying Y and X) [32,33]. The geographical detector is designed by Wang and his colleague and has been very popular in spatial analysis fields [32,33]. The geographical detector includes a factor detector and an interaction detector [32,33], the detailed description of which and the free tools can be found on the website (http://www.geodetector.org/).



(1) Factor detector



As a novel spatial analysis method, the geographical detector does not require any assumptions or restrictions with respect to explanatory and response variables. The theory of the geographical detector is that variable Y is associated with variable X if their spatial distributions are identical [32,33]. The association between Y and X is measured by the power of the determinant (PD), which is given by Equation (6) [32,33]:


[image: there is no content]



(6)




where PD indicates the degree of spatially stratified heterogeneity of flash floods or how much of the flash flood distribution is accounted for by one factor. Additionally, [image: there is no content], where PD = 0 indicates that Y is not heterogeneously stratified in space or there is no association between Y and X, and PD = 1 indicates that Y is perfectly heterogeneously stratified or Y is completely determined by X. Moreover, h = 1, …, L is the number of strata for a given factor; Nh and N are the number of units in partition h and in the whole region, respectively; and [image: there is no content] and [image: there is no content] are the variances in the flash flood intensity of partition h and the entire region, respectively.



(2) Interaction detector



The interaction detector reflects whether risk factors X1 and X2 (and more X factors) have an interactive influence on a target Y. We used geographic information system (GIS) software (ArcGIS version 10.3.1, Redlands, CA, USA) to stack the geographical layers X1 and X2 and obtained a new geographical layer E. By comparing the power of determinant (PD) values of X1, X2, and layer E, we are able to determine the influence of the interaction [32,33].



(3) Flowchart of geographical detector-based assessment



As shown in Figure 3, the continuous numerical factors are classified into several types according to industry regulations and specifications [34,35,36,37]. Next, the factor detector and interaction detector of the geographical detector method are used to calculate the PD of each factor for the distribution of the flash flood intensity and the interactions between different factors in two periods.


Figure 3. Flowchart of the geographical detector-based assessment.
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4. Results and Discussion


4.1. Temporal and Spatial Distribution of Flash Floods


Flash floods are closely related to the population distribution in China, and 94% of flash floods occurred to the east of the population line (HU Line) [38,39], as shown in Figure 1. Figure 4 shows that flash floods in Sichuan Province are serious and exhibit considerable annual variability. The total count of flash floods that caused casualties was 450 between 1950 and 2015, and the greatest number of floods occurred in 1998, when the Yangtze River Basin flood occurred. The comparison of D95–04 and D05–14 shows that more flash floods occurred annually in Sichuan Province in D05–14 than in D95–04, the rates of which were 13.3 flash floods/year and 5.9 flash floods/year, respectively.


Figure 4. The annual number of flash floods in Sichuan Province from 1950 to 2015.
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Figure 5 shows that the highest concentrations of flash floods in the two periods are linked to low hilly areas of southeastern Sichuan Province. Additionally, flash floods in D05–14 are more concentrated around the SB. Moreover, the number of flash floods has notably increased in the northeastern part of Sichuan Province.


Figure 5. Spatial analysis of flash floods: (a) Flash flood intensity in D95–04 (1995 to 2004); (b) flash flood intensity in D05–14 (2005 to 2014); (c) Flash flood intensity change from D95–04 and D05–14.
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4.2. Factor Distributions


4.2.1. Environmental Background Conditions


The environmental background condition factors, i.e., elevation, slope, and soil type, can be considered static factors, as shown in Figure 6. The elevation varies greatly in Sichuan Province, with moderate and low elevations in the East (SB), moderate and high elevations in the Southwest, and high mountains in the Northwest. Additionally, the East is characterized by low slopes, while the West is characterized by high slopes. The soil type is primarily clay in the East, sandy clay in the center of the province, and sandy loam in the West.


Figure 6. Classification of environmental background conditions factors: (a) elevation; (b) slope; and (c) soil type.



[image: Sustainability 09 01527 g006]







4.2.2. Precipitation


Precipitation is significant for flash floods [40]. Figure 7 shows the three precipitation factors (P5, P50, and P100) in D95–04 and D05–14 and a comparison of the two periods. During the two periods, the precipitation factors gradually decreased from Southeast to Northwest, and the high precipitation rates are expanded in D05–14. The increased areas of the three factors are concentrated in the Northeast, and the increased areas of P5 and P50 extend further northward than does P100. Similarly, the concentrated areas of the variability of flash floods from D05–14 and D95–04 are located in the northeast of Sichuan Province, which contributed to the primary increase of flash floods from D95–04 to D05–14, as shown in Figure 4.


Figure 7. Classification of precipitation factors from 1995 to 2004 and 2005 to 2014. D1: the period from 1995 to 2004; D2: the period from 2005 to 2014. (a) 1995 to 2004; (b) 2005 to 2014; (c) variability from (1995 to 2004) to (2005 to 2014); (d) 1995 to 2004; (e) 2005 to 2014; (f) variability from (1995 to 2004) to (2005 to 2014); (g) 1995 to 2004; (h) 2005 to 2014; (i) variability from (1995 to 2004) to (2005 to 2014).
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4.2.3. Human Activity


Human activity factors, including VFC, POP, GDP, and Pcul, vary regionally, and the most concentrated areas of human activities and development are mainly located in the Southeast, especially in the SB as shown in Figure 8. The concentration of Pcul increased, indicating that agricultural activities are concentrated in low elevation areas that are suitable for agricultural cultivation. The concentration of POP decreased because densely populated areas became saturated, and the population migrated from densely populated areas to sparsely populated areas as the population grew. In addition, the GDP increased rapidly, but the spatial distribution did not significantly change, indicating that the industrial structure of the economy has not changed much. VFC decreased in the eastern and northwestern areas of the province, and the decrease in the East was broadly consistent with the cultivated area.


Figure 8. Classification of human activity factors in 2000 and 2010. (a) VFC (2000); (b) VFC (2010); (c) variability of VFC from (2000) to (2010); (d) POP (2000); (e) POP(2010); (f) variability of POP from (2000) to (2010); (g) Pcul (2000); (h) Pcul (2010); (i) variability of Pcul from (2000) to (2010); (j) GDP (2000); (k) GDP (2010); (l) variability of GDP from (2000) to (2010).
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4.3. Risk Factors for the Spatial Distribution of Flash Floods


A risk factor analysis was performed for various factors based on the spatial distribution of flash floods in D95–04 and D05–14, as shown in Table 3. Additionally, an interaction detector analysis was performed, and the results are presented in Table 4. These findings revealed that the entire spatial distribution of flash floods is affected by environmental background conditions, precipitation, and human activities, and the highest PD value of each group was greater than 0.7.



Table 3. The results of factor detection for D95–04 and D05–14.







	

	
Environmental Background Conditions

	
Precipitation

	
Human Activities






	
PD value

	
Ele

	
Soil

	
Slp

	
P5

	
P50

	
P100

	
POP

	
Pcul

	
VFC

	
GDP




	
D95–04

	
0.593

	
0.156

	
0.169

	
0.465

	
0.699

	
0.771

	
0.646

	
0.565

	
0.077

	
0.614




	
D05–14

	
0.734

	
0.197

	
0.191

	
0.582

	
0.673

	
0.711

	
0.776

	
0.670

	
0.098

	
0.729




	
D05–14–D95–04

	
0.218

	
0.071

	
0.096

	
0.483

	
0.453

	
0.441

	
0.274

	
0.163

	
0.112

	
0.293










Table 4. Interaction detector analysis for D05–14–D95–04.







	

	
Ele

	
Soil

	
Slp

	
P5

	
P50

	
P100

	
POP

	
Pcul

	
VFC

	
GDP






	
Ele

	
0.218

	

	

	

	

	

	

	

	

	




	
Soil

	
0.274

	
0.071

	

	

	

	

	

	

	

	




	
Slp

	
0.306

	
0.173

	
0.096

	

	

	

	

	

	

	




	
P5

	
0.574

	
0.528

	
0.526

	
0.483

	

	

	

	

	

	




	
P50

	
0.561

	
0.513

	
0.508

	
0.545

	
0.453

	

	

	

	

	




	
P100

	
0.555

	
0.496

	
0.498

	
0.535

	
0.476

	
0.441

	

	

	

	




	
POP

	
0.432

	
0.336

	
0.337

	
0.589

	
0.584

	
0.567

	
0.274

	

	

	




	
Pcul

	
0.310

	
0.212

	
0.216

	
0.590

	
0.596

	
0.581

	
0.427

	
0.163

	

	




	
VFC

	
0.370

	
0.211

	
0.215

	
0.519

	
0.508

	
0.497

	
0.391

	
0.302

	
0.112

	




	
GDP

	
0.440

	
0.294

	
0.291

	
0.547

	
0.549

	
0.546

	
0.418

	
0.451

	
0.504

	
0.201










The PD values of the three precipitation factors exhibit the following ranking: P100 > P50 > P5. These values are 0.771, 0.699, and 0.465 in D95–04 and 0.711, 0.673, and 0.582 in D05–14, respectively, indicating that heavy precipitation is the main factor that causes casualties in flash floods. During D05–14, the PD of P100 decreased from 0.771 to 0.711; however, the PD of P5 significantly increased from 0.465 to 0.582. This result indicates that, in D05–14, the daily precipitation value that causes flash floods decreased, and the vulnerability of hazard-bearing bodies increased. This transition likely occurred because the ecological system was damaged and economic activities expanded to steeper hillsides as the population increased; thus the critical value of precipitation required for flash flooding decreased.



Of the environmental background condition factors, elevation is the most important driving factor, with PDs of 0.59 and 0.73 in D95–04 and D05–14, respectively. The highest intensity of flash floods was associated with the first level of elevation classification (lower than 400 m). This elevation class mainly comprises the lower hilly area of the SB, which has the highest population density. In addition, the slope influences the distribution of flash floods, with PDs of 0.169 and 0.191 in the two periods. The highest densities of flash floods were associated with the second and third grade slopes between 6° and 25°. These slopes are mainly located in the low hilly area of the SB. Although high slope areas are more likely to produce flash floods, the population density is low in these areas, as shown in Figure 9. Additionally, these regions experience little flash flooding due to ecological protection projects such as the reforestation of formerly cultivated land, which decreases runoff generation and improves flow routing conditions. Thus these projects reduce the impacts of heavy precipitation. The soil type has lower PDs than the other two factors, with values of 0.156 and 0.197 in the two respective periods. The clay soil type is associated with the highest intensity of flash floods, and it is primarily located in farming areas with high population densities and low vegetation coverage.


Figure 9. Comparison of the population density and flash flood density: (a) the correlation at different elevation; (b) the correlation at different slope.
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POP, Pcul, and GDP exhibit high PDs related to the distribution of flash floods, with values of 0.646, 0.565, and 0.614 in D95–04 and 0.776, 0.670, and 0.729 in D05–14, respectively. These high values are mainly tied to population growth, and there is a strong correlation between the population density, GDP density, and cultivated land density, as shown in Figure 10. Human activities are concentrated in the eastern low mountain area, which is called the ‘Heavenly Land of Plenty’ and has been a densely populated area of China throughout history. In D05–14, the PD of human activities increased, indicating that the impact of human activities on flash floods increased; therefore, human activities should be considered in flash flood prevention and control. VFC is associated with low PDs, 0.077 and 0.098 in the two respective periods, because it cannot fully reflect the influence of human activities on spatially heterogeneous vegetation cover.


Figure 10. Correlation of human activities factors (2000 and 2010): (a) Correlation of population density and GDP density in 2000; (b) Correlation of population density and cultivated land in 2000; (c) Correlation of population density and GDP density in 2010; (d) Correlation of population density and cultivated land in 2000.
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4.4. Driving Forces of Temporal and Spatial Variability


The analysis of flash floods and dynamic factors showed that the PD between D95–04 and D05–14 was lower than those of the two individual periods. The driving forces of the variability in flash floods are complex because they are interconnected. The main driving factors of flash flood variability in the two periods are precipitation, with PDs of 0.483, 0.453, and 0.441 for P5, P50, and P100, respectively, and GDP and POP, which exhibited PD values of 0.293 and 0.274, respectively. The environmental background condition factors with low PDs of 0.218, 0.071, and 0.096 were Ele, Soil, and Slp, respectively. These environmental background condition factors were mainly stable in the two periods; therefore, they do not reflect the observed flash flood variability.



Table 4 shows the interaction detector analysis for the temporal and spatial variability of flash floods. The PDs of the three precipitation factors vary between 0.4 and 0.6, which are higher than those of the other factors, indicating that precipitation variability is the main driving force of the temporal and spatial variability of flash floods. The PD of P5 is close to that of P100, suggesting that the prevention and control of flash floods should focus not only on heavy precipitation but also low intensity precipitation. The interaction PDs of precipitation factors and human activity factors are greater than those of environment condition factors, as shown in Figure 11. This result occurs because disaster-bearing objects are more likely to be influenced by precipitation when human activities alter the runoff generation and flow routing conditions as the population grows.


Figure 11. Interaction power of determinants (PDs) of the precipitation factors.
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POP and GDP have obvious influences on the temporal and spatial variability of flash floods because the population is the main source of influence for disaster-prone objects. The interaction PDs of human activities factors and precipitation factors are greater than 0.5, and the precipitation factors exhibit the following ranking: P5 > P50 > P100. The PD of the human activity factors decreases as the precipitation factors increase, as shown in Figure 12, which indicates that the probability of casualties caused by low intensity precipitation increases as human activities intensify. Therefore, these dynamic changes must be considered in early warning indicators of flash floods.


Figure 12. Interaction PDs of the human activity factors.
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5. Conclusions


In this paper, we present a quantitative approach to examine the driving factors of the spatiotemporal variability of flash floods based on a geographical detector model. The quantitative analysis of two periods from 1995 to 2004 and from 2005 to 2014 shows that heavy precipitation is the primary driving factor of the spatial distribution of flash floods. The PDs of heavy precipitation in these two periods are 0.771 and 0.711, respectively. The PDs of elevation in the two periods are 0.593 and 0.734, respectively, and the PDs of population density are 0.646 and 0.776, respectively. The analysis shows that the influence of daily precipitation on flash floods decreased from 2005 to 2014, and the effect of human activities on the spatial distribution of flash floods increased in the same period. The analysis of the temporal and spatial variability of flash floods during the two periods shows that precipitation is the main factor that causes temporal and spatial variability. The PDs of daily precipitation factors P5, P50, and P100 are 0.483, 0.453, and 0.441, respectively. The PDs of the human activities factors are clearly higher than those of the environmental background condition factors, with population density growth rate and GDP density growth rate PDs of 0.293 and 0.274, respectively. The changes in human activities, population density, vegetation cover, economic layout, and other conditions have exacerbated the fragility of the environment and influenced the spatial distribution of flash floods, thereby lowering the critical value of precipitation associated with casualties.



A quantitative method is established to perform a driving factor analysis of the temporal and spatial distributions of flash floods. The method is more objective than the existing qualitative methods. Based on the results of this manuscript, the most important measure is early warning prior to heavy precipitation events. Additionally, we should attempt to reduce the environmental vulnerability caused by the destruction of vegetation and population growth to effectively prevent and control flash floods.
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