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Abstract: Flash floods are one of the natural disasters that threaten the lives of many people all
over the world every year. Flash floods are significantly affected by the intensification of extreme
climate events and interactions with exposed and vulnerable socio-economic systems impede regional
development processes. Hence, it is important to estimate the loss due to flash floods before
the disaster occurs. However, there are no comprehensive vulnerability assessment results for
flash floods in China. Fortunately, the National Mountain Flood Disaster Investigation Project
provided a foundation to develop this proposed assessment. In this study, an index system was
established from the exposure and disaster reduction capability categories, and is based on analytic
hierarchy process (AHP) methods. We evaluated flash flood vulnerability by adopting the support
vector machine (SVM) model. Our results showed 439 counties with high and extremely high
vulnerability (accounting for 10.5% of the land area and corresponding to approximately 100 million
hectares (ha)), 571 counties with moderate vulnerability (accounting for 19.18% of the land area and
corresponding to approximately 180 million ha), and 1128 counties with low and extremely low
vulnerability (accounting for 39.43% of the land area and corresponding to approximately 370 million
ha). The highly-vulnerable counties were mainly concentrated in the south and southeast regions of
China, moderately-vulnerable counties were primarily concentrated in the central, northern, and
southwestern regions of China, and low-vulnerability counties chiefly occurred in the northwest
regions of China. Additionally, the results of the spatial autocorrelation suggested that the “High-High”
values of spatial agglomeration areas mainly occurred in the Zhejiang, Fujian, Jiangxi, Hunan, Guangxi,
Chongqing, and Beijing areas. On the basis of these results, our study can be used as a proposal for
population and building distribution readjustments, and the management of flash floods in China.

Keywords: GIS; flash flood vulnerability assessment; exposure; disaster reduction capability;
SVM; China

1. Introduction

Worldwide mountain communities have continuously suffered from flash floods, which have
regularly caused losses of agricultural land, buildings, infrastructure, and life. China is one of the
countries that has suffered the most serious flash floods in the world [1], and the occurrence of flash
floods is increasing. Flash floods are primarily affected by extreme precipitation and the overuse of
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natural resources [2]. First, extreme precipitation has increased in China, and the areas that experience
extreme precipitation are also increasing [3]. Second, due to the over-exploitation of natural resources
and vegetation destruction, the instability of soil surface has increased [4]. A statistic from the National
Mountain Flood Disaster Investigation Project shows that approximately 60,000 flash floods occurred
in China from 1950 to 2015. These disasters caused more than 230,000 deaths, damaged 36.3 million
houses, transferred more than 43.2 million people, and resulted in 250 million yuan in direct economic
losses [5]. For example, a flash flood caused 1471 deaths, 294 persons were missing, and more than
300 families were buried, and was attributed to continuous rainfall on August 8th, 2010 in Zhouqu
County of the Gansu province [6]. To alleviate the adverse effects of flash floods on society, it is
necessary to quantitatively evaluate community vulnerability and analyze various reduction measures
of vulnerability. Such studies can strengthen our understanding of the community vulnerabilities
resulting from flash floods, and such an endeavor will contribute to the development of prevention
and control measures of flash floods.

In recent years, researchers have conducted several vulnerability assessments on flash floods,
debris flow, landslides, and other disasters based on global, national, and regional scales [7–9].
Many studies now pay more attention to vulnerability research and confirm its significance. Currently,
studies have principally focused on the following aspects: (1) The concept of the index system for
vulnerability assessments of flash floods [10,11]. For example, Ding et al. selected six indices (building
structure, construction year, floor area, floor number, number of exposed people, and family income)
to evaluate debris flow vulnerability in Dongchuan City of the Yunnan Province using a neural
network method [12]. (2) Models for flash flood vulnerability assessments [13–15]. Vulnerability
assessments of flash floods can adopt qualitative [16], quantitative [17,18], or semi-quantitative
analyses [19]. The methods of quantitative assessment include statistical analysis methods [11],
mathematical models [20], and machine learning methods [21]. (3) The vulnerability assessments
of flash floods have primarily concentrated on the provincial or watershed scales [22–24]. Vranken,
Hung, and Ding conducted quantitative vulnerability studies on small, regional, and watershed
scales [19,25,26], and these studies provide an important foundation to alleviate disasters resulting
from regional flash floods. However, there are no reliable vulnerability assessment results for national
flash floods due to China’s vast amount of territory, huge differences in regional socio-economics, and
uneven distribution of disaster intensity and frequency. In addition, the Chinese government urgently
needs to strengthen the construction of non-engineering measures and rationally allocate resources
on the basis of vulnerability assessment results. Therefore, it is imperative to fully understand the
spatial patterns of community vulnerability to flash floods in China. With the implementation of the
National Mountain Flood Disaster Investigation Project (NMFDIP), various basic data on flash flood
vulnerability assessments have been obtained, and provide a foundation for this study.

In this study, based on the need for flash flood disaster prevention and mitigation in China,
we adopted the flash flood disaster prevention and control area in China (designated by the Research
Center on Flood and Drought Disaster Reduction of the Ministry of Water Resources of China,
RCFDDRMWRC) as the research area. A vulnerability assessment of national flash floods is conducted.
The main objectives are as follows: (1) Establish a vulnerability evaluation index system for flash floods
in China, including exposure and disaster reduction capabilities. (2) Build a vulnerability evaluation
model based on the support vector machine model to obtain flash flood vulnerability assessment results
in China. (3) Analyze the spatial characteristics of flash flood exposure, disaster reduction capability,
and vulnerability in China using the assessment results. Such research can provide a scientific and
technological basis for the mitigation of flash floods in China.
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2. Materials and Methods

2.1. Study Area

China is situated in East Asia (3◦51′–53◦33′N, 73◦33′–135◦05′E), as shown in Figure 1. In this study,
the prevention and control area of flash floods in China designated by RCFDDRMWR was used as the
research area. This area contains 30 provinces, 305 cities, and 2138 counties (districts), with a land area
of 7550 million hectares (ha) and a population of nearly 900 million [5]. China has high altitude in the
west and low altitude in the east. The lowest altitude is less than 100 m and the highest altitude is more
than 8000 m. The terrain is composed of four main plateaus, four basins, and three plains, which are
distributed in a step-like manner. Moreover, the terrain is diverse, with a vast mountainous area. As to
the precipitation, the average annual precipitation in China is approximately 630 mm, which gradually
decreases from the coast to the inland and from the southeast to the northwest. The average annual
precipitation can reach up to 2000 mm in coastal areas, such as Guangdong and Fujian, and be no more
than 100 mm in northwest areas, such as Tibet and Xinjiang. China experiences a south subtropical
monsoon climate with high temperatures and plentiful rainfall, which often contributes to causing
geological hazards, such as landslides, debris flows, and hurricanes. According to survey data from
NMFDIP, there were approximately 60,000 flash floods from 1950 to 2015. In this area, the flash floods
primarily occur in hilly areas [27]. A map of the topography and administrative divisions in China is
shown in Figure 1.
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2.2. Data Sources

In this study, the data emphasized four aspects related to flash flood vulnerability: (1) Data related
to roads, buildings, flood control projects, enterprises, institutions, monitoring and warning facilities,
and river data were obtained from NMFDIP. The NMFDIP data included topography, soil, vegetation,
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hydrology, social economy, and other information, and the RCFDDRMWRC organization generated
more than 120 T of data from 2013 to 2016. (2) Data related to the social, economic, and land use
data, which were collected from the Earth System Scientific Data Sharing Platform, ESSDSP (http:
//www.geodata.cn), (3) Digital Elevation Model (DEM) data were obtained from the Geospatial Data
Cloud (GDC) with a resolution of 90 m (http://www.gscloud.cn). (4) Geomorphological regionalization
data were collected from the State Key Laboratory of Resources and Environment Information System
(SKLREIS), Chinese Academy of Sciences. The data types and sources are shown in Table 1.

Table 1. Sources and resolutions of the raw datasets.

Factors Source

Road China: Flash Flood Investigation and Evaluation Dataset of China, 1949–2015,
1:1,000,000.

Building China: Flash Flood Investigation and Evaluation Dataset of China, 2013, 1:50,000.

Flood control projects China: Flash Flood Investigation and Evaluation Dataset of China, 2013, 1:50,000.

Enterprises and Institutions China: Flash Flood Investigation and Evaluation Dataset of China, 2013, 1:50,000.

DEM China: Geospatial Data Cloud, 2000, 90 × 90 m.

Population density China: Resources and Environmental Sciences Data Center, 2010, 1 × 1 km.

GDP China: Resources and Environmental Sciences Data Center, 2010, 1 × 1 km.

Land use China: China: Resources and Environmental Sciences Data Center, 2010, 100 × 100 m.

Monitoring and warning facilities China: Flash Flood Investigation and Evaluation Dataset of China, 2013, 1:50,000.

River China: Flash Flood Investigation and Evaluation Dataset of China, 2013, 1:1,000,000.

Geomorphological regionalization China: State Key Laboratory of Resources and Environment Information System,
2013, 1:15,000,000.

2.3. Methodology

2.3.1. Data Normalization

The purpose of data normalization is to eliminate the numerical differences between the
columns of vectors due to different dimensions, which can avoid the existence of singular values.
Data normalization was used to limit the data to a range (this interval is 0 to 1) using a certain
mathematical method. In this study, the mapminmax function in MATLAB software was adopted to
normalize the column matrix vectors to 0–1. The formula is given as follows [18]:

X =
x− xmin

xmax − xmin
(1)

where X is the normalized data, x is the raw data, xmin is the minimum value of each column vector,
and xmax is the maximum value of each column vector.

2.3.2. Analytic Hierarchy Process

The analytic hierarchy process (AHP) is a multi-criteria decision-making method that was proposed
by Saaty in the early 1980s [28]. AHP can decompose a complex problem into different layers or
factors [29] and assign proper weights to various factors, hence it is suitable to the vulnerability system
in this study [30]. In this study, AHP was used to confirm the relative significance of each pair of
criteria (or sub-criteria) elements using a 9-point system from 1 (equal importance) to 9 (absolute
importance) (Table 2), and then form a comparison matrix (Table 3).

Saaty’s 1–9 score was applied to determine the weight of each factor [23,28]. The factor weights
were calculated, then the normalized weights, and last the consistency ratios (CR) were tested, which are
given as follows:

CR =
CI
RI

(2)

http://www.geodata.cn
http://www.geodata.cn
http://www.gscloud.cn
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where RI is the random index (value depends on the weighted order in the matrix) and CI is the
consistency index. The CR must be below 0.1, which indicates that the comparison is consistent.
Otherwise, it needs to be revised [28,31]. The CI is obtained using the following equation:

CI =
λmax − n

n− 1
(3)

where λmax is the biggest eigenvalue of the framework and can be effectively decided from the specified
matrix and n is the number of vulnerability assessment factors.

Table 2. Interpretation of importance scores in a pairwise comparison matrix.

Comparative Importance Definition Description

1 Equal importance Two factors have same influence on parent decision.

3 Weak importance One factor has a moderate influence on another factor.

5 Essential or strong importance One factor has a strong influence on another factor.

7 Demonstrated importance One factor has a significant influence on another factor.

9 Absolute importance Evidence favoring one decision factor over the other is
the highest order of affirmation.

2, 4, 6, 8 Intermediate When compromise is needed, values between two
adjacent judgments are used.

Reciprocals
If Ai is the judgment value when i is
compared with j, then Aj has the
reciprocal value when compared to Ai

A reasonable assumption.

Table 3. Example of a pairwise comparison matrix.

Road Density River Density Building Density

Road density 1 3 5
River density 1/3 1 3

Building density 1/5 1/3 1

2.3.3. Support Vector Machine

The support vector machine (SVM) is a new approach developed in recent years that is based on
nonlinear transformation [32], and is a nonlinear mathematical structure that can represent complex
nonlinear processes between inputs and outputs of any system [33]. In addition, it can also explore the
hidden relationships between inputs and outputs [34,35]. The mechanism of vulnerability assessment
of a flash flood is complex due to incomplete information and many uncertainties [19]. The SVM model
can calculate intrinsic rules from a lot of complex and fuzzy input and output variables. The major
steps of the algorithm are as follows:

(1) Supposing the training set of known sample set is T = {x1, x2, . . . , xn, y} where xi is the ith input
data (xi ∈ Rn), y is the output data, and i = 1, 2, . . . , n.

(2) Then, these data are divided into two categories using an n-dimensional hyperplane to get the
maximum interval. This is shown in Equations (4) and (5):

1
2
‖w‖2 (4)

Subject to yi((w · xi) + b) ≥ 1 (5)

where ‖w‖ is the norm of the hyperplane normal, b is a scalar base, and (·) denotes the scalar
product operation.
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(3) Using the Lagrange multiplier, the cost function can be defined as follows:

L =
1
2
‖w‖2 −

n∑
i=1

λi(yi((w·xi) + b) − 1) (6)

where λi is the Lagrangian multiplier. The solution can be achieved using the dual minimization
of Equation (6) with respect to w and b using standard procedures [36].

(4) For the non-separable case, one can modify the constraints by introducing slack variables, ξi [36]:

yi((w·xi) + b) ≥ 1− ξi. (7)

So Equation (6) becomes:

L =
1
2
‖w‖2 −

1
vn

n∑
i=1

ξi (8)

where v ∈ (0, 1], which is introduced to account for misclassification [35,37].

In this study, a kernel function, K(xi, xj), is used to account for the nonlinear decision boundary [36].
At present, the linear kernel functions, the polynomial function, and the RBF and sigmoid kernel
function are commonly used kernel functions, and the radial basis function was selected in this study,
as shown in Equation (9):

K(xi, x j) = e−γ(xi−x j)
2,γ>0 (9)

where γ is the parameter of the kernel function. Sometimes kernel functions are parameterized using
γ = 1/2σ2, where σ is an adjustable parameter that governs the performance of the kernel.

2.3.4. Vulnerability Assessment

Previous research has shown that flash flood vulnerability is negatively correlated with disaster
reduction capability and positively correlated with exposure degree [19,38]. The vulnerability (V) was
calculated by using regional data as a proxy for exposure (E) and disaster reduction capability (Re).
The vulnerability model was established by using Equation (10):

V = E(1−
√

Re). (10)

2.3.5. Spatial Autocorrelation Analysis

Spatial autocorrelation is used to check whether the attribute values of an element are significantly
correlated with that of its adjacent spatial points [39]. It is divided into global indicators of spatial
association (GISA) and local indicators of spatial association (LISA).

(1) Measuring the overall spatial correlation degree of flash flood vulnerability in China was based
on global Moran’s I. The global indicators of spatial association Moran’s I are given as follows:

I =

n
n∑

i=1

n∑
j=1

Wi j(xi − x)
(
x j − x

)
n∑

i=1

n∑
j=1

Wi j
n∑

i=1
(xi − x)2

(11)

where I is the global Moran index, xi and xj are the vulnerability values of county i and j,
respectively, x is the average vulnerability of the study area, and Wij is a the spatial relationship
between county i and j (1 denotes adjacent relationship and 0 denotes non-adjacent relationship).
A Moran’s I value greater than 0 indicates a positive spatial correlation, and less than 0 indicates
negative spatial correlation.
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(2) Global spatial autocorrelation can not accurately reflect the specific spatial location of an
agglomeration or anomaly. Therefore, it is necessary to use a local spatial autocorrelation method
to explore the vulnerability correlation in some local spatial locations. The LISA Moran’s Ii are
given as follows:

Ii =

n(xi − x)
n∑

j=1
Wi j

(
x j − x

)
∑
(xi − x)2 . (12)

3. Model for Flash Flood Vulnerability

3.1. Establishment of the Assessment Index System

The index system was established by summarizing previous research results to define
vulnerability [19,40]. Disaster vulnerability was defined by the loss extent of a specific element
(or a group of elements) suffered from a disaster of certain size (or strength) [8]. For humans,
vulnerability refers to the probability that a given life might be lost. For property, vulnerability is the
loss of all the damaged material [41]. This study divides the vulnerability of flash floods into two
parts: exposure and disaster reduction capability. The vulnerability assessment indicators are shown
in Figure 2.
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3.1.1. Exposure

According to previous studies, in regions with the higher exposure, flash floods will cause
greater loss. The loss objects of flash floods include material and socio-economic factors [13,18,19].
Among them, material exposure includes enterprises and institutions, roads, flood control projects,
and buildings. Social exposure only includes human activities (Figure 2). The specific initial exposure
indicators were selected as follows:

(1) Material exposure

a. Enterprises and institutions (ENI) include hospitals (HOS), nursing homes (NUH), schools
(SCH), and enterprises (ENT). Exposure refers to the number of ENI per unit (D = Ei/Si),
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with D being the ENI density, Ei being the ENI in the region i, and Si being the area of
region i.

b. Roads includes railways (RAI), highways (HIG), provincial roads (PRO), and national
highways (NAT). Exposure refers to the length of all road per unit (D = Ri/Si), with D being
the RAI density, Ri being the length of road in the region i, and Si being the area of region i.

c. Flood control project (FCP) includes bridges (BRI), culverts (CUL), and dams (DAM).
Exposure refers to the number of FCP per unit (D =Wi/Si), with D being the FCP density,
Wi being the FCP in the region i, and Si being the area of region i.

d. Building information includes the number of houses (NUM), the floor area (ARE), the
number of floors (FLO), and the structure of houses (STR). Exposure refers to the area of
building per unit (D = Bi/Si) with D being the building density, Bi being the building area
in the region i, and Si being the area of region i.

(2) Social exposure

a. Population density (POD) is the population per assessment unit (D = Pi/Si), with D being
the population density, Pi being the population in the region i, and Si being the area of
region i.

b. Conomic density (GDP) is the gross domestic product (GDP) per assessment unit (D =
Gi/Si), with D being the economic density, Gi being the GDP in the region i, and Si being the
area of region i.

c. Land use type (LUT) includes arable land (ARA), construction land (CON), woodland
(WOO), grassland (GRA), water area (WAT), and unused land (UNU).

3.1.2. Disaster Reduction Capability

Previous studies indicate the higher capability of disaster reduction will led to the lower loss
from flash floods. Disaster reduction capability primarily includes regional susceptibility, resistance,
and resilience [19,42–45]. Among them, susceptibility was calculated by using monitoring and warning
facilities. Resistance and resilience are classified as coping abilities, which were calculated using
the road network density, river network density, and distance between the hospital and settlements
(Figure 2). The disaster reduction capability indicators of specific initial flash floods were selected
as follows:

(1) Susceptibility Monitoring and warning facilities (MWF) include rainfall stations (RAS), monitoring
stations (MOS), radio stations (RADS), and gauging stations (GAS). Susceptibility refers to the
number of MWF in per unit (D =Mi/Si), with D being the MWF density, Mi being the facilities in
the region i, and Si being the area of region i.

(2) Coping ability

a. Road density (ROD) is the length of all roads in per assessment unit (D = Roi/Si), with D
being the ROD, Roi being the length of all roads in the region i, and Si being the area of
region i.

b. River density (RID) is the length of all rivers in per assessment unit (D = Rii/Si), with D
being the RID, Rii being the length of all rivers in the region i, and Si being the area of
region i.

c. Hospital density (HOD) is the number of hospitals in per assessment unit (D = Hi/Si), with
D being the HOD, Hi being the number of hospital in the region i, and Si being the area of
region i.



ISPRS Int. J. Geo-Inf. 2019, 8, 297 9 of 23

3.2. Assessment Units and Data Preprocessing

3.2.1. Assessment Unit

The size and boundary of an assessment unit will directly affect the assessment result, which is the
basic unit of regional vulnerability assessment [46,47]. Previous studies commonly used assessment
units that included uniform condition units, regional units, grid units, slope units, and topographic
units [48–50]. Based on the results [48], we use the county as an assessment unit. China has 2138
control counties, among them, the maximum area is 22,330,000 ha and the minimum area is 5600 ha.

3.2.2. Data Preprocessing

The flow chart of model building is shown in Figure 3, which was used as the initial step to
develop a new set of vulnerability indicators of flash floods. First, a set of indicators from different
sources was collected. Then, a correlation analysis method was used to screen the more appropriate
indicators for flash floods. These indicators (e.g., social, material, physical, and environmental factors)
were selected in the final assessment system used to determine flash flood vulnerability (Figure 2).
Finally, data normalization and AHP were used to quantify each index value. The weight values of
each index are shown in Table 4.
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Table 4. Ranks and normalized weights of vulnerability factors.

Factor Class Assigned Rank Normalized Weights Factor Class Assigned Rank Normalized Weights

Road

RAI 1 0.565

LUT

ARA 1 0.468
HIG 3 0.262 CON 3 0.248
NAT 5 0.118 WOO 5 0.121
PRO 7 0.055 GRA 6 0.080

FCP
BRI 1 0.333 WAT 7 0.054
CUL 1 0.333 UNU 9 0.029
DAM 1 0.333 Economic GDP 1 1

Building

NUM 1 0.25 Population POD 1 1
ARE 1 0.25 River RID 1 1
FLO 1 0.25 Road ROD 1 1
STR 1 0.25 Hospital HOD 1 1

ENI

HOS 1 0.25

MWF

MOS 1 0.522
NUH 1 0.25 RAS 3 0.2
SCH 1 0.25 RADS 3 0.2
ENT 1 0.25 GAS 5 0.078
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4. Results

The exposure assessment factors (ENI, roads, FCP, and buildings) were expressed as vector maps,
with the exception of the human activity factors (POD, GDP, and LUT), which were expressed in
a raster format. In addition, the assessment factors of disaster reduction capability (MWF, ROD,
RID, and HOD) were expressed as vector maps. These factors were input into the statistical analysis
using an overlaying analysis based on the ArcGIS. Then, the index data was normalized and input
into a SVM model for simulation. The exposure (E) and disaster reduction capability (Re) values of
2138 counties were output. Based on the classification criteria of the assessment indicators used to
predict the flash flood exposure and disaster reduction degree, standard samples (training samples
and test samples) were established using a specific mathematical method (Table A1). In this study,
the degree of vulnerability to flash floods was divided into five grades: extremely low (I), low (II),
moderate (III), high (IV), and extremely high (V). When establishing the empty matrix, the sample size
of each grade was set to 200 and the training sample size was 1000. Interpolation theory was used to
establish samples during the building process of the SVM model, which can avoid artificial interference.
Exposure indicators and disaster reduction indicators were divided into five grades, 0–0.2, 0.2–0.4,
0.4–0.6, 0.6–0.8, and 0.8–1.0, based on the equal distance method. According to the order from low to
high, 200 sets of random interpolation data for each interval were generated and were used as samples
of the exposure and disaster reduction indicators. The output values were obtained by interpolating
1000 values. These values were equidistant over the interval of (0, 1) (Table A1). Furthermore, the AHP
and SVM methods were conducted based on the package “e1071” in R software (R Core Development
Team, R Foundation for Statistical Computing, Vienna, Austria). The degree of vulnerability (V) was
calculated using Equation (10).

4.1. Exposure Assessment

The exposure assessment results calculated using the above method are shown in Figure 4.
The assessment results were divided into extremely low (0–0.11), low (0.11–0.27), moderate (0.27–0.38),
high (0.38–0.55), and extremely high (0.55–1.0) based on the natural break point method [51]. The spatial
differentiation of flash flood exposure becomes more significant from the northwest to the southeast in
China. The statistical results of exposure quantity, area, and proportion of each grade are shown in
Table 5. Thirty-three counties (25,806,700 ha) had extremely high exposure, 111 counties (7,405,400 ha)
had high exposure, 427 counties (101,239,400 ha) had moderate exposure, 1388 counties (519,503,800 ha)
had low exposure, and 179 counties (339,800 ha) had extremely low exposure (Figure 4).

Table 5. Exposure of flash flood for control counties in China.

Type
Exposure

Value Count Area/10,000 ha Ratio (%)

Extremely low 0–0.11 179 33.98 0.04
Low 0.11–0.27 1388 51,950.38 54.87

Moderate 0.27–0.38 427 10,123.94 10.69
High 0.38–0.55 111 2580.67 2.73

Extremely high 0.55–1.0 33 740.54 0.78
Non-Prevention and Control County – 724 29,248.44 30.89

The high exposure areas were primarily located in the eastern coastal urban areas and
Beijing-Tianjin-Hebei urban agglomerations, which includes the Yangtze River Delta, Pearl River
Delta, and Bohai Rim (Figure 4). In addition, Zhengzhou, Wuhan, Changsha, Changchun, Chongqing,
Chengdu, and Xi’an were also dominant (Figure 4). The areas and proportions of exposure (five grades)
in China’s provinces are shown in Table 6. Guangdong (5.2 × 106 ha), Zhejiang (4.7 × 106 ha), Hubei
(4.1 × 106 ha), Liaoning (3.9 × 106 ha) and Fujian (3.1 × 106 ha) have the highest exposure, followed
by Sichuan, Hunan, Jiangxi, and Henan. The lowest exposure areas include Tibet, Xinjiang, Qinghai,
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and Inner Mongolia (Table 6). Yongjia had the highest exposure degree (extremely high) to flash floods
(Figure 4). In contrast, low exposure values were mainly distributed in economically less-developed
regions, such as the Qinghai-Tibet, Xinjiang, and Inner Mongolia regions.
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Table 6. Analysis of flash flood exposures in China *.

NAME

Extremely Low Low Moderate High Extremely High

Area/ Ratio
(%)

Area/ Ratio
(%)

Area/ Ratio
(%)

Area/ Ratio
(%)

Area/ Ratio
(%)10,000

ha
10,000

ha
10,000

ha
10,000

ha
10,000

ha

Shaanxi 0 0 1257.75 1.31 491.82 0.51 69.35 0.07 64.77 0.07
Anhui 0 0 225.48 0.24 199.50 0.21 38.09 0.04 21.18 0.02

Guizhou 0 0 1503.28 1.57 257.69 0.27 0 0 0 0
Henan 0 0 183.11 0.19 438.54 0.46 33.10 0.03 27.21 0.03

Sichuan 0 0 4167.74 4.34 626.78 0.65 0 0 0 0
Xinjiang 0 0 8091.97 8.43 70.75 0.07 0 0 0 0

Tibet 0 0 9307.44 9.70 0 0 0 0 0 0
Liaoning 13.86 0.01 450.12 0.47 254.87 0.27 241.99 0.25 149.73 0.16

Hebei 6.31 0.01 602.35 0.63 195.35 0.20 217.05 0.23 39.90 0.04
Yunnan 0 0 2483.81 2.59 1290.97 1.35 57.18 0.06 0 0

Jilin 0 0 926.11 0.97 1118.88 1.17 65.24 0.07 0 0
Gansu 0.92 0 2452.03 2.55 519.41 0.54 126.79 0.13 35.76 0.04

Guangxi 0 0 1844.65 1.92 1119.49 1.17 199.07 0.21 0 0
Shanxi 0 0 1911.76 1.99 297.21 0.31 53.38 0.06 0 0

Guangdong 4.62 0.01 446.00 0.47 526.92 0.55 477.77 0.50 43.20 0.05
Hunan 6.44 0.01 1317.03 1.37 599.32 0.62 21.75 0.02 0 0
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Table 6. Cont.

NAME

Extremely Low Low Moderate High Extremely High

Area/ Ratio
(%)

Area/ Ratio
(%)

Area/ Ratio
(%)

Area/ Ratio
(%)

Area/ Ratio
(%)10,000

ha
10,000

ha
10,000

ha
10,000

ha
10,000

ha

Beijing 0 0 1.57 0 68.05 0.07 34.97 0.04 0 0
Heilongjiang 0 0 3012.95 3.14 66.27 0.07 0 0 0 0

Jiangxi 0 0 1033.6 1.08 479.06 0.50 0 0 0 0
Hubei 0.82 0 279.17 0.29 668.33 0.70 289.55 0.30 120.39 0.13
Fujian 0 0 344.10 0.36 561.62 0.59 244.09 0.25 70.86 0.07

Ningxia 0 0 361.28 0.38 49.93 0.05 0 0 0 0
Qinghai 0 0 4931.7 5.14 31.58 0.03 0 0 0 0
Zhejiang 0 0 101.32 0.11 333.44 0.35 316.60 0.33 152.94 0.16

Shandong 0 0 1276.44 1.33 160.34 0.17 1.68 0 0 0
Hainan 0 0 184.8 0.19 40.82 0.04 18.66 0.02 0 0

Chongqing 0 0 635.31 0.66 136.87 0.14 51.69 0.05 0 0
Tianjin 0 0 8.15 0.01 0 0 0 0 0 0
Jiangsu 0 0 6.67 0.01 0 0 0 0 0 0
Inner

Mongolia 0.07 0 4999.57 5.21 727.26 0.76 6.31 0.01 0 0

* No statistics on Hong Kong, Macao, Taiwan, and Shanghai.

4.2. Disaster Reduction Capability Assessment

The assessment results of disaster reduction capability for flash floods in China were calculated
based on the above methods, and are shown in Figure 5. The spatial pattern shows that the weakest
disaster reduction capability mainly occurred in northwest China and the strongest disaster reduction
capability was chiefly distributed in southeast China (Figure 5). Previous research has provided a
grading method for disaster reduction capability: extremely low (0–0.13), low (0.13–0.34), moderate
(0.34–0.39), high (0.39–0.47), and extremely high (0.47–1.0) [51]. The quantity, area, and proportion of
disaster reduction capability for each grade are shown in Table 5. Three hundred sixty-six counties
(43,441,600 ha) had extremely high disaster reduction capability, 344 counties (91,602,900 ha) had high
reduction capability, 1043 counties (4,66,303,500 ha) had moderate reduction capability, 211 counties
(52,172,500 ha) had low reduction capability, and 174 counties (774,600 ha) had extremely low reduction
capability (Table 7).

Table 7. Disaster reduction capability for flash floods for control counties in China.

Type

Disaster Reduction Capability

Value Count
Area/

Ratio (%)10,000 ha

Extremely Low 0–0.13 174 77.46 0.08
Low 0.13–0.34 211 5217.25 5.51

Moderate 0.34–0.39 1043 46,630.35 49.25
High 0.39–0.47 344 9160.29 9.68

Extremely High 0.47–1.0 366 4344.16 4.59
Non-Prevention and Control County – 724 29,248.44 30.89

As to spatial patterns, the high and extremely high disaster reduction capabilities were primarily
concentrated in central China, such as the Qinling–Huaihe area (red ellipse). The low and extremely
low disaster reduction capabilities were principally distributed in the middle and lower reaches of the
Yangtze River (Figure 5). The areas and proportions of disaster reduction capabilities of flash floods for
the 30 provinces in China are shown in Table 8. Jiangxi (6.5 × 106 ha), Fujian (4.8 × 106 ha), Yunnan
(4.6 × 106 ha), Hebei (4.3 × 106 ha), Guangxi (4.4 × 106 ha), and Hunan (4.4×106 ha) had extremely
low disaster reduction capabilities. These provinces have more than 40,000,000 ha of areas with low
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disaster reduction capability, of which Jiangxi is the largest, reaching 6,462,000 ha. Gansu (1.2 × 107 ha),
Hubei (1.0 × 107 ha), Shaanxi (8.8 × 106 ha), Sichuan (8.3 × 106 ha), Liaoning (5.5 × 106 ha), and Shanxi
(4.6 × 106 ha) had extremely high disaster reduction capabilities, and these provinces have more than
3,300,000 ha of areas with high disaster reduction capabilities (Table 8).
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Table 8. Analysis of flash flood disaster reduction capabilities in China *.

NAME

Extremely Low Low Moderate High Extremely High

Area/ Ratio
(%)

Area/ Ratio
(%)

Area/ Ratio
(%)

Area/ Ratio
(%)

Area/ Ratio
(%)10,000

ha
10,000

ha
10,000

ha
10,000

ha
10,000

ha

Shaanxi 0 0 32.52 0.03 970.17 1.01 455.68 0.48 425.31 0.44
Anhui 0 0 0 0 185.14 0.19 152.38 0.16 146.73 0.16

Guizhou 0 0 224.24 0.23 1349.20 1.41 175.53 0.18 12.01 0.18
Henan 0 0 63.02 0.07 419.62 0.44 118.49 0.12 83.53 0.12

Sichuan 0 0 146.59 0.15 3815.96 3.98 434.49 0.45 397.48 0.45
Xinjiang 0 0 0 0 7445.42 7.76 676.50 0.71 40.81 0.71

Tibet 0 0 0 0 9176.06 9.56 131.38 0.14 0.00 0.14
Liaoning 0 0 267.45 0.28 291.82 0.30 217.03 0.23 334.27 0.23

Hebei 72.84 0.08 352.24 0.37 434.50 0.45 193.75 0.20 7.63 0.20
Yunnan 0 0 463.14 0.48 2149.40 2.24 1,109.63 1.16 109.78 1.16

Jilin 0 0 374.81 0.39 736.25 0.77 68.22 0.07 4.83 0.07
Gansu 0 0 9.68 0.01 1902.29 1.98 681.82 0.71 541.11 0.71

Guangxi 0 0 437.61 0.46 1247.54 1.30 561.59 0.59 92.59 0.59
Shanxi 0 0 0 0 974.75 1.02 149.41 0.16 314.30 0.16
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Table 8. Cont.

NAME

Extremely Low Low Moderate High Extremely High

Area/ Ratio
(%)

Area/ Ratio
(%)

Area/ Ratio
(%)

Area/ Ratio
(%)

Area/ Ratio
(%)10,000

ha
10,000

ha
10,000

ha
10,000

ha
10,000

ha

Guangdong 4.62 0.05 332.27 0.35 617.37 0.64 277.18 0.29 267.06 0.29
Hunan 0 0 440.75 0.46 1108.97 1.16 302.84 0.32 91.99 0.32
Beijing 0 0 60.99 0.06 9.76 0.01 33.69 0.04 0.15 0.04

Heilongjiang 0 0 153.64 0.16 2776.84 2.89 75.26 0.08 73.48 0.08
Jiangxi 0 0 646.20 0.67 716.23 0.75 149.45 0.16 0.79 0.16
Hubei 0 0 0 0 342.22 0.36 554.93 0.58 461.11 0.58
Fujian 0 0 476.41 0.50 316.52 0.33 364.03 0.38 63.70 0.38

Ningxia 0 0 56.48 0.06 197.44 0.21 93.65 0.10 63.64 0.10
Qinghai 0 0 0 0 4564.22 4.75 237.82 0.25 161.24 0.25
Zhejiang 0 0 381.39 0.40 131.10 0.14 190.10 0.20 201.72 0.20

Shandong 0 0 53.46 0.06 165.15 0.17 98.12 0.10 123.45 0.10
Hainan 0 0 0 0 155.04 0.16 62.03 0.07 27.21 0.07

Chongqing 0 0 218.19 0.23 405.86 0.42 148.13 0.15 51.69 0.15
Tianjin 0 0 0 0 0 0 8.15 0.01 0 0.01
Jiangsu 0 0 0 0 6.67 0.01 0 0 0 0

Inner Mongolia 0 0 26.15 0.03 4021.53 4.19 1438.98 1.50 246.55 1.50

* No statistics on Hong Kong, Macao, Taiwan, and Shanghai.

4.3. Vulnerability Assessment

According to the exposure and disaster reduction capability assessment results, the vulnerability
value of each unit was calculated based on Equation (10). The vulnerability results are divided into
five grades based on the natural break point method: extremely low (0–0.27), low (0.27–0.54), moderate
(0.54–0.6), high (0.6–0.7), and extremely high (0.7–1.0) [51]. The quantity, area, and proportion of
each vulnerability grade are shown in Table 9. Sixty-one counties (12,268,600 ha) had extremely
high vulnerability, 378 counties (87,143,300 ha) had high vulnerability, 571 counties (181,575,400 ha)
had moderate vulnerability, 692 counties (348,242,000 ha) had low vulnerability, and 436 counties
(25,065,800 ha) had extremely low vulnerability (Table 9).

Table 9. Flash flood vulnerability for control counties in China.

Type

Vulnerability

Value Count
Area/

Ratio (%)10,000 ha

Extremely Low 0–0.27 436 2506.58 2.65
Low 0.27–0.54 692 34,824.2 36.78

Moderate 0.54–0.6 571 18,157.54 19.18
High 0.6–0.7 378 8714.33 9.20

Extremely High 0.7–1.0 61 1226.86 1.30
Non-Prevention and Control County – 724 29,248.44 30.89

The flash flood vulnerability for 30 provinces in China are shown in Table 10. Fujian (1.1 × 107 ha),
Jiangxi (1.0 × 107 ha), Guangxi (8.9 × 106 ha), Hebei (7.8 × 106 ha), and Zhejiang (5.2 × 106 ha)
had the highest vulnerability, followed by Sichuan, Guizhou, Yunnan, and Hunan. The lowest
vulnerabilities occurred in Tibet, Xinjiang, Qinghai, and Inner Mongolia (Table 10). As to the spatial
pattern, the highest vulnerabilities were mainly distributed in Chengde (1.0), Shahe (0.98), Kuancheng
Manchu autonomous, Longhua, Xinglong, Pingquan, Tongan, Anxi, Jinzhou, and Ninghai (Figure 6a).
By comparing China’s exposure and disaster reduction capabilities, there are two primary factors that
lead to high vulnerability: one is that vulnerable areas have low disaster reduction capability, such as
Ninghai, Qujiang, Shengzhou, Kaihua, Shanghang, Youxi, Da’tian, Minqing, Tong’an, and Chengde,



ISPRS Int. J. Geo-Inf. 2019, 8, 297 15 of 23

and the other is that vulnerable areas have high exposures, such as Pingyang, Nanan, Fu’an, Ningde,
Xunyang, Songxian, and Xixia.

Table 10. Analysis of flash flood vulnerabilities in China *.

NAME

Extremely Low Low Moderate High Extremely High

Area/ Ratio
(%)

Area/ Ratio
(%)

Area/ Ratio
(%)

Area/ Ratio
(%)

Area/ Ratio
(%)10,000

ha
10,000

ha
10,000

ha
10,000

ha
10,000

ha

Shaanxi 360.55 0.38 267.97 0.28 808.39 0.84 411.36 0.43 35.42 0.04
Anhui 9.88 0.01 124.40 0.13 341.27 0.36 8.70 0.01 0 0

Guizhou 12.01 0.01 21.91 0.02 1617.59 1.69 109.47 0.11 0 0
Henan 8.14 0.01 44.17 0.05 134.34 0.14 298.25 0.31 197.06 0.21

Sichuan 388.61 0.41 2387.03 2.49 1817.33 1.89 201.56 0.21 0 0
Xinjiang 40.81 0.04 7970.38 8.30 151.53 0.16 0 0 0 0

Tibet 121.04 0.13 7727.49 8.05 1458.91 1.52 0 0 0 0
Liaoning 12.44 0.01 194.82 0.20 298.56 0.31 542.18 0.57 62.58 0.07

Hebei 7.63 0.01 27.83 0.03 240.79 0.25 501.00 0.52 283.71 0.30
Yunnan 92.39 0.10 935.11 0.97 2380.47 2.48 423.99 0.44 0 0

Jilin 18.30 0.02 178.39 0.19 569.67 0.59 417.71 0.44 0 0
Gansu 517.52 0.54 1156.34 1.21 1118.82 1.17 292.32 0.31 49.90 0.05

Guangxi 0.43 0 114.93 0.12 1332.04 1.39 891.93 0.93 0 0
Shanxi 314.30 0.33 109.85 0.11 902.84 0.94 111.47 0.12 0 0

Guangdong 4.66 0.01 378.96 0.40 741.40 0.77 373.49 0.39 0 0
Hunan 38.94 0.04 64.77 0.07 939.44 0.98 849.68 0.89 51.73 0.05
Beijing 0.15 0 1.42 0 34.37 0.04 48.13 0.05 20.52 0.02

Heilongjiang 73.48 0.08 2486.02 2.59 519.72 0.54 0 0 0 0
Jiangxi 0.79 0 17.35 0.02 450.07 0.469 1016.57 1.06 27.88 0.03
Hubei 56.55 0.06 54.63 0.06 738.86 0.77 484.68 0.51 23.54 0.03
Fujian 0 0 13.77 0.01 116.37 0.12 812.77 0.85 277.76 0.29

Ningxia 74.86 0.08 140.85 0.15 170.20 0.18 25.30 0.03 0 0
Qinghai 303.64 0.32 4479.61 4.67 180.04 0.19 0 0 0 0
Zhejiang 6.20 0.01 90.80 0.10 290.51 0.30 347.85 0.36 168.95 0.18

Shandong 3.52 0 118.62 0.12 234.60 0.24 55.69 0.06 27.74 0.03
Hainan 0 0 97.44 0.10 146.84 0.15 0 0 0 0

Chongqing 0 0 93.86 0.10 264.42 0.28 465.59 0.49 0 0
Tianjin 0 0 0 0 0 0 8.15 0.01 0 0
Jiangsu 0 0 6.67 0.01 0 0 0 0 0 0

Inner Mongolia 39.77 0.04 5518.79 5.75 158.17 0.17 16.41 0.02 0.07 0

* No statistics on Hong Kong, Macao, Taiwan, and Shanghai.
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Figure 6. Spatial pattern of (a) vulnerabilities and (b) local indicators of spatial association (LISAs)
in China.

The distribution of the Moran scatter points shows that the global indicators of spatial association
(GISA) characteristics of flash flood exposure, disaster reduction capability, and vulnerability are
obvious in China, and the GISA results indicated that the exposure, disaster reduction capability,
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and vulnerability for flash floods in China presents the pattern: disaster reduction capability > exposure
> vulnerability (Moran’s I values are 0.351, 0.377, and 0.255, respectively). Many points mainly occurred
in the I and III quadrants, indicating that the counties’ vulnerability in China, were characterized by
“High-High” (H-H) and “Low-Low” (L-L) aggregation (Figure 7).

ISPRS Int. J. Geo-Inf. 2019, 8, x FOR PEER REVIEW 16 of 23 

 
Figure 6. Spatial pattern of (a) vulnerabilities and (b) local indicators of spatial association (LISAs) in 
China. 

The distribution of the Moran scatter points shows that the global indicators of spatial 
association (GISA) characteristics of flash flood exposure, disaster reduction capability, and 
vulnerability are obvious in China, and the GISA results indicated that the exposure, disaster 
reduction capability, and vulnerability for flash floods in China presents the pattern: disaster 
reduction capability > exposure > vulnerability (Moran's I values are 0.351, 0.377, and 0.255, 
respectively). Many points mainly occurred in the I and III quadrants, indicating that the counties’ 
vulnerability in China, were characterized by “High-High” (H-H) and “Low-Low” (L-L) 
aggregation (Figure 7).  

The results of local spatial autocorrelations of vulnerability in different counties of China 
showed that there are obvious aggregation areas (Figure 6b). The H-H spatial agglomerations 
mainly occurred in the Zhejiang, Fujian, Jiangxi, Hunan, Guangxi, Chongqing and Beijing areas. The 
L-L spatial agglomerations were chiefly distributed in Shanxi, Shaanxi, Gansu, Qinghai, and 
Xinjiang. 

 
Figure 7. Moran's I scatter plot of (a) exposure, (b) disaster reduction, and (c) vulnerability in 
counties of China. 

The statistical results of vulnerable counties in China’s first-level geomorphic areas are shown 
in Figure 8. There are 191 highly vulnerable counties and 29 extremely vulnerable counties in the 
southeast low-middle mountainous area (II), accounting for 29.5% of counties in those geomorphic 
areas. The counties with excessive medium vulnerability numbers are in eastern mountainous and 
plain areas (I) and southwest middle-high mountainous areas (V), which are second only to that of 
district II. The two regions contain 89 and 82 counties, respectively. Among them, the southwest 
middle-high mountainous area (V) has the largest number of medium vulnerability counties, 
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of China.

The results of local spatial autocorrelations of vulnerability in different counties of China showed
that there are obvious aggregation areas (Figure 6b). The H-H spatial agglomerations mainly occurred in
the Zhejiang, Fujian, Jiangxi, Hunan, Guangxi, Chongqing and Beijing areas. The L-L spatial agglomerations
were chiefly distributed in Shanxi, Shaanxi, Gansu, Qinghai, and Xinjiang.

The statistical results of vulnerable counties in China’s first-level geomorphic areas are shown
in Figure 8. There are 191 highly vulnerable counties and 29 extremely vulnerable counties in the
southeast low-middle mountainous area (II), accounting for 29.5% of counties in those geomorphic
areas. The counties with excessive medium vulnerability numbers are in eastern mountainous and
plain areas (I) and southwest middle-high mountainous areas (V), which are second only to that of
district II. The two regions contain 89 and 82 counties, respectively. Among them, the southwest
middle-high mountainous area (V) has the largest number of medium vulnerability counties, totaling
311 medium vulnerable counties. There are no high vulnerability counties in the northwest middle-high
mountainous basin area (IV) and the Qinghai-Tibetan Plateau (VI) (Figure 8).
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5. Discussion

5.1. The Assessment Methodology

The vulnerability assessment methods are different in their description, theoretical framework,
variables, and methodology. In this study, a multi-dimension analysis of indicators was proposed to
calculate the flash flood vulnerability in China. In this study, the model can be extended into a more
comprehensive assessment of flash flood vulnerability in China, including social exposure, material
exposure, susceptibility, and coping ability. Compared with previous models, the SVM method not only
avoids the influence of human factors, but also extends the information content [19]. In addition, the
application of a comprehensive vulnerability assessment of flash floods can more accurately and locally
identify the spatial patterns of vulnerable areas for flash floods in China [52]. Due to a lack of national
data on resilience, the disaster reduction indicators only included susceptibility and coping ability.
Hence, a fully objective vulnerability assessment of flash floods in China is impossible [53]. In this
study, based on the principles of systematization, comparison, and regional applicability, an index
system for vulnerability assessment was established by using the existing regional statistical data.
However, there are other factors that contribute to regional vulnerability, such as disaster intensity
and density. Disaster intensity can be defined as the shock and destructive capacity of mountain
torrents on groups or communities. The "disaster density" defines the number of flash floods per unit
area. This value indirectly suggests the frequency of flash floods in the evaluation unit. Furthermore,
the allocation of relief funds depended largely on the spatial patterns of disaster density and loss in
China. Therefore, it is suggested that these indexes be added to vulnerability assessments of specific
local areas.

5.2. Exposure, Disaster Reduction Capability, and Vulnerability Analysis of Flash Floods in China

With respect to flash flood risk, the significance of quantifying exposure, disaster reduction
capability, and vulnerability has been emphasized by previous research [18,54]. The results showed
that vulnerability was positively correlated with exposure and negatively correlated with disaster
reduction. This conclusion is consistent with the results of debris flow vulnerability in the Minjiang
River Basin [19]. When the exposure value was equal to 0, the vulnerability did not exist. For example,
Guangdong has a high exposure and disaster reduction capability. Finally, the vulnerability of flash
floods is only moderate in Guangdong. Within the context of flash floods, the spatial patterns of
exposure, disaster reduction capability, and vulnerability can assist managers in recognizing areas with
sensitive populations and economies, lower capabilities to respond, and lower reduction capabilities
of disaster. Thus an immediate response is required following flash flood events in these areas, and
special attention is required during the process of disaster prevention and mitigation [54].

The spatial patterns of exposure revealed that areas with high population density, high GDP, and a
high density of public infrastructure had a higher sensitivity to flash floods [52,55]. In the developed
east and southeast coastal areas of China, due to the impact of dense populations, concentration of
enterprises and institutions, and a high economic density, the region is extremely sensitive to flash
floods. However, in the western and northwestern regions of China, such as Tibet, Xinjiang, and
Gansu, where there are few people, backward economics, and imperfect infrastructure, which led to
the extremely low exposure of flash floods in these regions (Figure 4). Overall, the exposure level
gradually increases from west to east in China, which was supported by previous studies [48,56].
In addition, our results were also consistent with the economic activities in China [57], which also
indirectly reflect the influence of China’s topography on flash floods.

It was observed that high disaster reduction capabilities were mainly distributed in the northern,
central, and southwestern regions of China, indicating that people can quickly cope with losses and
have a strong resistance capacity to flash floods in these zones (Figure 5). The spatial patterns of disaster
reduction capabilities revealed that regions with high monitoring and early warning capabilities,
high road densities, high river densities, and good medical rescue abilities had higher flash flood
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susceptibility and coping abilities [11,52]. As to the west areas of China, such as Tibet, Xinjiang, and
Qinghai, people’s coping ability and resistance to flash floods are low, mainly due to an outdated social
economy and low self-rescue and medical rescue capabilities [58]. Similarly, in the Qinling–Huaihe
areas of China, the results of the disaster reduction assessment were consistent with the previous
studies in the Gansu, Shaanxi, Henan, and Anhui provinces [24,59,60]. In the developed areas of
eastern China, such as Fujian and Zhejiang, the disaster reduction capability of most counties was at
low levels. This can be explained by low facility density of monitoring and early warning in the Fujian
and Zhejiang provinces. Furthermore, these two regions are in highly exposed areas, and flash floods
will lead to huge economic and property losses every year [61,62].

The vulnerability results will be used to estimate the maximum amount of loss resulting from
flash floods. The vulnerability results indicated that the grade of vulnerability to flash floods in
China presents the pattern: West and Northwest < Central < East and Southeast. Our results are
consistent with the vulnerability results of geological disasters based on three-stage DEA analysis in
China [63]. The distribution characters of vulnerability are similar to China’s population density and
GDP distributions [27]. The results shown that high vulnerability to flash floods is mainly distributed
in Fujian, Zhejiang, Jiangxi and Hebei, while low vulnerability occurs in regions with backward
economics or high disaster reduction capabilities, including Beijing and Guangdong. The H-H spatial
agglomeration areas are related to the high population density, social and economic development,
and backward construction of disaster prevention and mitigation. The vulnerability distribution
results were consistent with previous studies, which analyzed social vulnerability in China based
on evaluation indicators of the social economy and building environment [48]. A comparison was
performed between disaster reduction capability (Figure 5) and exposure (Figure 4). High exposure
values were primarily distributed in areas with better social and economic development, but high
disaster reduction ability had no correlation with high exposure. This indicates that the relationship
between China’s disaster prevention and reduction work and social and economic development is
uncoordinated, as has been seen in a previous study [64–67].

These results provide a basis for the exposure, disaster reduction capability, and vulnerability
to flash floods in China. These maps can help the Chinese government organize and plan the future
layout of cities, buildings, roads, populations, and economies. Vulnerability assessment results are an
important part of risk assessments that promote risk zoning research of flash floods in China.

5.3. The Limitations and Implications

Although there are uncertainties in the vulnerability analyses, the proposed method can identify
areas where the greatest loss results from flash floods. The final results should be conservative due
to various assessment indexes [20]. Obviously, prevention and mitigation of flash floods should be
emphasized in cities and regions with high vulnerability, whether this risk is to human life or economic
factors. For future studies, dynamic flood risk assessment models should be established based on the
assessment framework in this study by using the various datasets. In addition, there are other factors
that will lead to regional vulnerability, such as population age, structure, cultural level, existing medical
conditions, risk density, disaster intensity, etc. Therefore, for a flash flood vulnerability assessment
in special areas, the selection assessment indicators should take into account the characteristics of
the area. However, future research is needed to test the validity of vulnerability assessments by
employing advanced statistical or quantitative methods. Since the 2008 Wenchuan earthquake, people
are particularly aware of the capacity to restore and rebuild [68]. This can be extended to other aspects,
such as frequency, process size, coping ability, resilience, and adaptability, by using more complex
variables if the data is available [19,41,69], which will be another aspect to explore with regards to
regional vulnerability to flash floods. For these reasons, the developed method can greatly benefit
people in identifying flash flood vulnerability and taking measures for sustainable development.
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6. Conclusions

A new vulnerability model was proposed based on previous studies that have investigated
flash flood vulnerability. The present study mapped and analyzed the exposure, disaster reduction,
and composite vulnerability of 30 provinces, 305 cities, and 2138 prevention and control counties in
China. Using counties as research units, an assessment model was established based on the SVM.
It was defined as a function of exposure (E) and disaster reduction capability (Re) of vulnerability
elements. Exposure reflects the degree of disturbance by flash floods, and disaster reduction capability
reflects the ability of exposed elements to withstand a certain intensity and the ability for resilience.
In this study, a comprehensive understanding of the regional disparities of China’s exposure, disaster
reduction capability, and vulnerability to flash floods and the correlation between these factors was
obtained. The exposure revealed that central and southeast China areas have high-density residential,
commercial, industrial buildings, roads, highways, tunnels, bridges, and populations. The spatial
patterns of exposure showed that high-exposure areas mainly occurred in Yongjia, the Yujiang, Ninghai,
Pingyang, Xiafu, Nanan, and Xianyou. Disaster reduction capability showed that the relationship is
absonant between disaster reduction capability and socio-economic development in China. Most of
the counties and cities with strong disaster reduction capabilities are mainly concentrated in the
central part of China. Low disaster reduction capabilities were chiefly distributed in the eastern
and southeastern regions of China, while the eastern and southeastern regions had high exposure.
The spatial patterns of vulnerability showed that high-vulnerability areas were primarily distributed
in counties with high population densities, more built-up land, developed transportation networks,
and high property values, such as Minhou, Anxi, Tong’an, Ninghai, and Zhangzhou. The distribution
of exposure, disaster reduction capability, and vulnerability of flash floods in China showed a positive
spatial correlation, and the H-H spatial agglomeration areas mainly occurred in the Zhejiang, Fujian,
Jiangxi, Hunan, Guangxi, Chongqing and Beijing areas.

The results indicated that regions with high economic and high population densities may be
influenced by flash floods in the future. Although the model had limitations in terms of spatial
resolution and temporal scale, the results for the high-vulnerability areas can alert local government
officials to “hot spots.” In these places, a more favorable analysis should be conducted. These findings
provide a scientific base for guiding policy decisions regarding flash flood prevention and mitigation
in the future.
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Appendix A

Table A1. Standard training sample matrix and standard test sample matrix.

Sample
Type ID

Input
Output

ENI RAI FCP Building POD GDP LUT MWF ROD RID HOD

Training
sample

1 0 0 0 0 0 0 0 1 1 1 1 0
150 0.1446 0.1458 0.146 0.1448 0.159 0.1382 0.1488 0.8503 0.8514 0.8561 0.8498 0.1602
250 0.2487 0.245 0.242 0.2434 0.2377 0.2432 0.2446 0.7445 0.7457 0.7599 0.7643 0.2597
350 0.3546 0.3506 0.3452 0.3582 0.3376 0.3445 0.3482 0.641 0.6562 0.662 0.6539 0.3456
400 0.3998 0.3997 0.3994 0.3985 0.4 0.3995 0.3988 0.6004 0.6001 0.6021 0.6003 0.3959
500 0.5063 0.5099 0.5056 0.4962 0.5116 0.4951 0.4986 0.5117 0.4997 0.511 0.493 0.5104
600 0.5998 0.5996 0.6 0.5976 0.5999 0.5999 0.5994 0.4003 0.4004 0.4013 0.4015 0.59
700 0.6946 0.6999 0.695 0.7044 0.6918 0.7084 0.7025 0.2872 0.303 0.2992 0.3079 0.694
800 0.7996 0.7997 0.7983 0.7988 0.7992 0.7948 0.7991 0.2009 0.201 0.2004 0.2005 0.789
900 0.8967 0.8961 0.9085 0.8996 0.9057 0.8995 0.9092 0.1024 0.0944 0.1002 0.1024 0.9036

Test
sample

1 0 0 0 0 0 0 0 1 1 1 1 0
3 0.0006 0.0021 0.0014 0.0021 0.0024 0.0028 0.0023 0.9996 0.9951 0.9954 0.9982 0.0017
5 0.0028 0.0046 0.0029 0.0029 0.0052 0.0032 0.0052 0.9985 0.9945 0.9931 0.9964 0.0049
7 0.0033 0.0063 0.0052 0.004 0.0059 0.0038 0.0077 0.997 0.9934 0.9929 0.9946 0.0068
9 0.0046 0.0081 0.0059 0.0048 0.0075 0.0052 0.0132 0.993 0.9913 0.9926 0.9929 0.0091

11 0.0065 0.0101 0.0087 0.0099 0.0084 0.0061 0.0143 0.9903 0.9894 0.988 0.9914 0.0093
13 0.0082 0.0121 0.0087 0.0121 0.0105 0.0096 0.0189 0.9898 0.9851 0.984 0.9882 0.0118
15 0.0095 0.0178 0.0104 0.0142 0.0114 0.011 0.0202 0.9867 0.9842 0.9829 0.9868 0.0146
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