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Abstract. Non-engineering flood control measures have gradually become an important part of flood 

disaster management in the past decades, and it cannot be separated from regional flood risk analyses. 

Flood risk analyses can be regarded as a complex of three aspects: flood hazard analyses, vulnerability 

analyses and comprehensive evaluation of both. In this paper, taking Huaihong South Flood Control 

Protected Area (simplified as HHS) of the Huaihe River Basin in China as an example, a one-dimensional 

(1-D) and two-dimensional (2-D) coupled hydrodynamic model of the study area was established to 

simulate the evolution process of the floods with different return periods and acquire inundation data in 

the flood hazard analysis. Concerning the vulnerability analysis, based on the composition mechanism of 

vulnerability and the available data of the study region, the vulnerability evaluation index system was 

established, then the magnitudes of vulnerability of the townships in the research were analyzed through 

the catastrophe progression method. Combined with the analysis results above, the flood risk of 15 

townships in HHS can be classified into 6 magnitudes by factor analysis and hierarchical clustering 

analysis. The results show that the flood risk is medium or even higher in most zones of HHS. The 

integrated method used in this research can also be applied to other regions. 

Keywords: flood risk, vulnerability analysis, 1-D and 2-D coupled hydrodynamic model, catastrophe 

progression method, factor analysis, hierarchical clustering analysis 

Introduction 

In recent decades, with the climatic changes, population growth and urban 

development in flood-prone areas, the ability of human beings to control floods has 

become stronger and stronger, but the devastating impacts on people’s livelihood, 

economy and the environment due to floods had an increasing tendency in the past 25 

years in China (Yu et al., 2018). A possible way to reduce the loss of flood disasters is 

the mapping of flood-prone areas to risk awareness and support sustainable land-use 

planning and urban development (Horritt et al., 2007). Flood risk analysis is a useful 

source of information in rescue and relief agencies for their operations. In 2007, the 

European Union has adopted Flood Directive, with the main objective of reducing and 

managing flood risk (Van Alphen et al., 2009). 

Flood risk analyses can be basically divided into three parts: flood hazard analyses, 

vulnerability analyses and comprehensive evaluation of both. The researches on flood 

hazard analyses at domestic and abroad generally include two aspects: one is to explore 

the inner relationship between the different return periods and the actual scales of flood 

events; the other one is to predict future flow regime characteristics in flood-affected 
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areas, and the flood hazard has usually been expressed by inundation information of 

flood (inundation range, depth, duration, etc.). The aim of vulnerability analyses is to 

assess the multi-dimensional vulnerability (Physical, Social, Economic and 

Environment) of the region. This exercise will be used to develop a vulnerability map as 

an input towards flood risk analysis. 

In scientific literature, for both the hazard and vulnerability analyses, a number of 

approaches and models of different complexity levels are available (Kourgialas and 

Karatzas, 2011). Kourgialas and Karatzas (2011) presented a method to estimate the 

flood-hazard areas considering six factors: flow accumulation, slope, land use, rainfall 

intensity, geology and elevation. The study area was divided into five regions 

characterized by different magnitudes of flood risk ranging from very low to extremely 

high. Apel et al. (2009) tested numerous combinations of models of different 

complexity both on the hazard and on the vulnerability side in a case study. On the 

hazard side, the models selected include a mixed 1D/2D hydraulic model. On the 

vulnerability side, the models used for the estimation of direct damage to residential 

buildings are in order of increasing complexity, such as a rule-based micro-scale model 

applied to a detailed building inventory (Apel et al., 2011). 

Materials and methods 

Study area 

The riverine area of the Huaihe River Basin in the Anhui Province (in China) has 

always been prone to flooding disasters (Wang, 2015). One of the most serious flooding 

areas in the Anhui Province is HHS which is located between 32°50′N–33°20′N latitude 

and 117°10′E–117°50′E longitude, covering an area of about 1480 km2 (Fig. 1). It 

covers 15 townships in three counties, one district. The general trend of HHS is higher 

in the north and lower in the south. 

 

 

Figure 1. Location of HHS 

 

 

Available data 

The topographic data used in this research is based on 1:10000 topographic data and 

the DEM of the entire study area with a horizontal resolution of 5 m provided by Anhui 
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Provincial Flood Control Office. Topographic map of the research region is shown in 

Figure 2. The cross-sectional data of the main stream of the Huaihe River are 104 cross-

sections with 1-2 km spacing between the cross-sections measured in 1993. 

Total length of the river reach in study is 110.0 km. Discharge curves of 50-, 100- 

and 200-year floods in Wujiadu Station are available (Fig. 3). Generalized river 

network of main stream of the Huaihe River considered in this research is shown in 

Figure 4. 

According to the information sheet of key dangerous sections provided by the 

relevant water conservancy department, the Wuxiaojie Station on the Huaibei levee 

(indicated in Fig. 1) is selected as the possible dyke burst. Table 1 shows the data of 

evaluation indicators (refer to Statistical Yearbook of Bengbu City in 2015) used in this 

research. 

 

 

Figure 2. Topographic map of the entire study area 

 

 

 

Figure 3. Discharge curves of 50-, 100- and 200-year floods in Wujiadu Station 
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Figure 4. Generalized river network of main stream of the Huaihe River considered in this 

research 

 

 
Table 1. Original values of indicators used in this research 

Indicator 

Evaluation township 

Huinan (HN) Xinji (XJ) Toupu (TP) Daxin (DX) 
Caoguzhang 

(CGZ) 

Drainage density 

(m/103 m2) 
0.007 0.008 0.008 0.006 0.008 

GDP per unit area 

(million/106 m2) 
904.597 1351.741 1043.725 1160.379 1152.572 

Density of population 

(person/106 m2) 
296.004 449.046 505.887 461.485 184.241 

Density of residential 

structures (m2/m2) 
0.014 0.021 0.023 0.022 0.007 

Density of lifeline engineering 

structures (m/103 m2) 
0.407 0.482 0.593 0.512 0.271 

Proportion of agricultural 

population (%) 
0.964 0.941 0.962 0.964 0.828 

Average 

elevation (m) 
18.176 16.136 15.076 16.625 17.446 

Land-use sensitive 

index 
4.119 4.063 4.2 3.275 4.336 

Proportion of female 

population (%) 
0.468 0.47 0.478 0.473 0.485 

GDP per capital 

(million/person) 
2.663 2.64 1.882 2.219 6.256 

Density of shelters 

(number/106 m) 
0.288 0.03 0.101 0.146 0.083 

Density of medical aid 

institutions (one/106 m2) 
0.09 0.296 0.172 0.255 0.193 

Indicator 

Evaluation township 

North of the 

Muslim (NM) 

Xinmaqiao 

(XMQ) 

Wangzhuang 

(WZ) 

Meiqiao 

(MQ) 
Caolaoji (CLJ) 

Drainage density 

(m/103 m2) 
0.017 0.007 0.007 0.008 0.009 

GDP per unit area 

(million/106 m2) 
531.921 1285.729 1047.172 3926.926 2652.742 

Density of population 

(person/106 m2) 
185.198 359.764 355.156 805.851 530.141 

Density of residential 

structures (m2/m2) 
0.007 0.014 0.013 0.031 0.021 

Density of lifeline engineering 

structures (m/103 m2) 
1.62 0.631 0.343 0.685 0.473 

Proportion of agricultural 

population (%) 
0.862 0.946 0.968 0.93 0.951 
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Average 

Elevation (m) 
17.257 19.193 18.905 17.277 17.288 

Land-use sensitive 

index 
3.265 4.27 4.167 3.623 3.967 

Proportion of female 

population (%) 
0.465 0.475 0.466 0.459 0.477 

GDP per capital 

(million/person) 
2.872 3.274 2.774 4.873 5.004 

Density of shelters 

(number/106 m) 
0.081 0.061 0.037 0.298 0.104 

Density of medical aid 

institutions (one/106m2) 
0.228 0.155 0.203 0.265 0.166 

Indicator 

Evaluation township 

Wuxiaojie 

(WXJ) 

Xiaobengbu 

(XBB) 

Mohekou 

(MHK) 

Weizhuang 

(WEZ) 

Chengguan town 

in Huaiyuan 

county (CG) 

Drainage density 

(m/103 m2) 
0.008 0.006 0.006 0.008 0.013 

GDP per unit area 

(million/106 m2) 
17638.226 62040.981 3567.112 254.26 14918.667 

Density of population 

(person/106 m2) 
757.459 1217.154 707.183 125.8 691.251 

Density of residential 

structures (m2/m2) 
0.031 0.051 0.029 0.01 0.053 

Density of lifeline engineering 

structures (m/103 m2) 
1.258 1.843 0.604 1.027 2.324 

Proportion of agricultural 

population (%) 
0.7 0.336 0.947 0.967 0.22 

Average 

elevation (m) 
16.991 17.656 17.492 18.281 18.67 

Land-use sensitive 

index 
3.662 3.146 4.367 2.847 2.831 

Proportion of female 

population (%) 
0.501 0.506 0.478 0.47 0.493 

GDP per capital 

(million/person) 
21.843 44.59 4.749 1.038 10.435 

Density of shelters 

(number/106 m) 
0.474 1.834 0.347 0.108 1.226 

Density of medical aid 

institutions (one/106 m2) 
0.422 0.386 0.163 0.118 0.2 

 

 

Flood hazard analysis 

Flood hazard analysis is one of the methods of flood forecasting. In this paper, a 1-D 

hydrodynamic model was used to simulate the flood course of Huaihe River in the study 

area, a 2-D hydrodynamic model was used to simulate the flood routing in HHS, and a 

1-D and 2-D coupled hydrodynamic model was used to simulate the flood course of a 

levee breach (Zhang et al., 2019). MIKE software with the advantage of stability, 

reliability and high accuracy was selected for modelling calculation. 

 

1-D hydrodynamic modelling 

For the 1-D hydrodynamic modelling, in terms of topographic data, it required a 

certain number of cross-sections to represent the river channel and its surrounding 
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topography (Cook and Merwadee, 2009). The 104 cross-sections measured in 1993 

were used in the model for describing the geometry of the river reach. Considering 

Wuxiaojie Station was the breach of Huaibei levee, the discharge curves of 50-, 100- 

and 200-year floods at the breach were taken as the upstream boundary condition, 

whereas the stage-discharge relation at Xiaoliuxiang Station was used as the 

downstream boundary condition (Brandimarte and Di Baldassarre, 2012). The 1-D 

model was established to simulate floods in the one-dimensional channel from Bengbu 

Sluice to Xiaoliuxiang Station with MIKE 11 (Ferdous, 2012). The initial discharge of 

the river is set to 0, and the initial water level is set to the measured water level at the 

beginning of the simulation. 

 

2-D hydrodynamic modelling 

The domain of the 2-D hydrodynamic model is described by a mesh consisting of 

nodes and triangular elements (Tewodros and Abdusselam, 2019; Jungkyu et al., 

2019). The topographic data adopted in this model was the 1:10000 topographic data 

and DEM of the entire study area with a horizontal resolution of 5 m. In this model, a 

hybrid grid model was established to reflect the overall terrain variation 

characteristics of the region. The 2-D model was used to simulate the flood routing in 

HHS with MIKE 21. 

 

1-D and 2-D coupled hydrodynamic modelling 

The 1-D and 2-D coupled hydrodynamic model simulated the 1-D flow in river 

channels and the 2-D flow in floodplains with MIKE FLOOD to acquire inundation 

depth, inundation duration and velocity of the floods with different recurrence periods 

(Parto et al., 2009). During the coupling process, the left embankment of Huaihe River, 

the right embankment of Huaihong New River and the 20.5 m contour line of Fengshan 

in Sihong County of Jiangsu Province in China were taken as the external boundary; the 

dispatching process of dikes, roads, bridges, culverts and other structures were used as 

the internal boundary conditions. The 1-D model and 2-D model exchanged water level 

and flow information with each other. The 1-D model used the water level of the 2-D 

model’s grid at the coupling point as the boundary water level, whereas the 2-D model 

used the outflow of the 1-D model at the coupling point as the inflow. 

 

Vulnerability analysis 

Vulnerability index system 

In this study, vulnerability of the evaluation object at flood risk is regarded as a state 

variable. In the absence of a thorough study on the formation mechanism of 

vulnerability to flood, the index system method which is based on the hierarchy and the 

correlation between structural indicators of vulnerability is the most common method. It 

can reflect the overall macro-situation of the magnitudes of flood vulnerability in the 

region (Fan et al., 2000). 

Defined as the inherent attribute of an element at risk, vulnerability was usually 

composed of three parts: exposure degree (Baldassarre et al., 2009), sensitivity, capacity 

of disaster prevention and mitigation. According to this, representative indicators 

(Table 2) are selected to construct the vulnerability index system of the evaluation 

object at flood risk. 
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Table 2. Vulnerability index system of the evaluation object at flood risk 

Target layer  Criterion layer  Index layer  

Vulnerability 

(A)  

Exposure degree (B1) 

GDP per unit area (C1) 

Density of population (C2) 

Density of residential structures (C3) 

Density of lifeline engineering structures (C4) 

Sensibility (B2) 

Average elevation (C5) 

Proportion of agricultural population (C6) 

Land-use sensitive index (C7) 

Proportion of female population (C8) 

Capacity of disaster prevention and 

mitigation (B3) 

GDP per capital (C9) 

Density of shelters (C10) 

Density of medical aid institutions (C11) 

 

 

Among these indicators, GDP per unit area refers to the gross domestic product of 

agriculture, industry and tertiary industry; density of lifeline engineering structures 

refers to the lifeline length per unit area; land use sensitive index is defined in the 

literature (Chen et al., 2012); density of shelters refers to the number of large and 

medium-sized sites, such as schools, shopping malls and hotels, that can accommodate 

the affected people on unit area of the evaluation township; density of medical aid 

institutions refers to the number of medical aid institutions on unit area of the evaluation 

township. 

 

Catastrophe progression method 

In order to avoid the subjectivity of determining the weight assignment of 

vulnerability indicators, this study used the catastrophe progression method to evaluate 

the magnitudes of vulnerability to flood of the townships in the region (Li et al., 2010; 

Liu et al., 2010). 

When calculating the vulnerability indicators of evaluation townships, the original 

values of indicators in the Table 1 should be uniformly normalized and transformed into 

positive indices in the range of [0,1]. 

For the larger-the-better indices: 
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For the smaller-the-better indices: 
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where xij – original value of index ‘j’ of evaluation township ‘i’; max(xij) and min(xij) – 

maximum and minimum value of index ‘j’; rij – normalized value of xij. 
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Catastrophe progression method is a multilevel objective decomposition for 

evaluation objects which combing the catastrophe theory and fuzzy mathematics, the 

ultimate catastrophe function is obtained through quantitative computing by the 

normalization formula of different catastrophe models, and thus the comprehensive 

assessment of alternatives is realized, then a catastrophe progression model is obtained 

to classify the vulnerability classification of evaluation townships. 

In this paper, according to the number of variables, we chose the proper catastrophe 

progression model and used the corresponding normalization formula layer by layer to 

calculate until the ultimate catastrophe functional value (value of vulnerability to flood) 

was obtained. The mean value was taken as the upper index value when calculating the 

catastrophe progression of each layer for the reason that the evaluation indices 

considered in this study could make up for their deficiencies. Alternative catastrophic 

models are shown in Table 3 (Li et al., 2010). 

 
Table 3. Alternative catastrophe progression models.  

Catastrophe progression model Number of variables Normalization formula 

Cusp catastrophe 2 Xa = a1/2; Xb = b1/3 

Swallowtail catastrophe 3 Xa = a1/2; Xb = b1/3; Xc = c1/4 

Butterfly catastrophe 4 Xa = a1/2; Xb = b1/3; Xc = c1/4; Xd = d1/5 

Xa, Xb, Xc, Xd – catastrophe progression of a, b, c, d; a, b, c, d – normalized values of indices 

 

 

Risk analysis 

Flood risk index system 

In a flood risk index system, according to the process of flood hazard analysis and 

vulnerability analysis (Fuchs et al., 2012; Merz et al., 2010; Masood and Takeuchi, 

2012), inundation depth, inundation duration and velocity of 200-year flood were 

selected as indicators of flood hazard, drainage density, proportion of agricultural 

population, proportion of female population, land-use sensitive index, GDP per unit 

area, density of population, density of residential structures, density of lifeline 

engineering structures, GDP per capital and density of shelters were taken as 

vulnerability indicators. 

 

Factor analysis 

In the study of flood risk assessment, it generally involves multiple evaluation 

indicators and numerous evaluation objects (Li et al., 2003). Attempting to synthesize 

the characteristics reflected by various indicators and minimize the loss of raw 

information, we transformed several evaluation indicators into a few comprehensive 

factors through factor analysis (Helena et al., 2003). The basic idea of factor analysis 

approach is to divide the original indicator variables into several groups by making the 

correlation of variables in the same group become higher, while the correlation of 

variables from different groups become lower. Each group of indicator variables can be 

represented by an immeasurable comprehensive variable which is also called a common 

factor (Kuo et al., 2013). In this way, a few representative common factors can be used 

to summarize the information provided by the original variables (Muangthong and 

Shrestha, 2015). The part of the original variables which cannot be explained by the 



Gao et al.: Regional flood risk analysis for Huaihong south flood control protected area in China using an integrated method 

- 3321 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(2):3313-3329. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 
DOI: http://dx.doi.org/10.15666/aeer/1802_33133329 

© 2020, ALÖKI Kft., Budapest, Hungary 

common factors will be regarded as special factors (Wan et al., 2013). It can be 

expressed by mathematical formula as follows (Ma et al., 2011; Zhang et al., 2009). 
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where xi (i = 1,2,…,p) – original indicator variable; Fj (j = 1,2,…,m) – common factor; 

aij (i = 1,2,…,p; j = 1,2,…,m) – load of common factor Fj on variable xi; ( )pii ,,2,1 =  

– special factor. 

Fj (j = 1,2,…,m) can be represented as follows: 
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where xi(i = 1,2,…,p) – standardized variable; B – factor loading matrix. 

Calculating the score ‘S’ of each evaluation unit: 

 

  
=

=
m

i

ii CCFS
1

/( ）（  (Eq.5) 

 

where Ci(i = 1,2,…,m) – contribution of variances of each common factor; C – 

accumulated contribution of variances. 

 

Hierarchical clustering analysis 

The evaluation objects are further classified by clustering to reveal the internal 

relationship among multiple evaluation objects with the method of hierarchical 

clustering algorithm in this research. Suppose there are ‘n’ samples to be clustered, for 

hierarchical clustering, the steps are as follows: 

Step1: Initialization (take each sample as a class, and calculate the distance between 

each two classes, that is, the similarity between samples). 

Step2: Find the two nearest classes among these classes, and classify them into one 

class (so that the total number of classes is one less). 

Step3: Recalculate the similarity between the newly generated class and each old class. 

Step4: Repeat Step2 and Step3 until all samples are in the same category. 

Using MATLAB to perform the steps above can obtain the clustering dendrogram of 

hierarchical clustering analysis like Figure 5. 

Based on clustering 15 samples (taking the comprehensive flood risk score ‘S’ and 

the vulnerability index value of one township as a sample) by the hierarchical clustering 

method, the townships falling in HHS were divided into various flood risk zones 
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namely extremely-high-, high-, medium-high-, medium-, low-medium- and low-risk 

zones, taking township as a stratum. 

 

 

Figure 5. Generalized dendrogram of Hierarchical clustering analysis 

Results 

Flood hazard 

A simulation was conducted according to the above-mentioned model (the 1-D and 

2-D coupled hydrodynamic model) by MIKE software, the simulation inundation data 

based on the 50-year, 100-year and 200-year return period floods are presented in 

Table 4. 

 
Table 4. Simulation inundation data based on the 50-year, 100-year and 200-year return 

period flood 

Evaluation 

township 

Inundation depth (m) Inundation duration (h) Flood velocity (m/s) 

50-year 100-year 200-year 50-year 100-year 200-year 50-year 100-year 200-year 

HN 0.684 1.808 2.181 104.302 248.028 273.860 0.036 0.056 0.062 

XJ 2.514 3.879 4.253 209.447 317.023 327.933 0.080 0.098 0.105 

TP 3.649 5.012 5.385 192.961 295.236 307.554 0.084 0.098 0.104 

DX 2.053 3.399 3.772 226.367 335.816 346.401 0.062 0.083 0.091 

CGZ 2.057 3.079 3.451 298.816 414.159 419.598 0.086 0.108 0.117 

NM 1.735 2.961 3.330 252.017 354.912 362.313 0.090 0.108 0.115 

XMQ 0.320 0.890 1.264 65.198 173.005 215.478 0.020 0.035 0.037 

WZ 0.712 1.324 1.699 120.968 216.803 252.321 0.029 0.043 0.048 

MQ 2.087 2.869 3.240 378.122 450.370 451.363 0.117 0.120 0.125 

CLJ 2.183 2.993 3.365 299.140 396.235 404.646 0.146 0.191 0.197 

WXJ 2.616 3.304 3.665 445.607 455.775 474.793 0.330 0.345 0.363 

XBB 1.706 2.424 2.777 370.348 440.865 442.206 0.090 0.093 0.103 

MHK 1.546 2.659 3.031 291.821 400.272 404.046 0.087 0.111 0.118 

WEZ 1.139 1.857 2.222 212.028 315.534 331.058 0.043 0.051 0.055 

CG 0.900 1.599 1.956 275.259 357.360 362.860 0.044 0.048 0.051 

 

 

Vulnerability 

Taking Chengguan town in Huaiyuan county (CG) as an example, the original values 

of indicators in the Table 1 could be uniformly normalized and transformed into 

positive indicators in the range of [0,1], as shown in Table 5. 
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Table 5. Normalized values of indicators of CG. 

Target layer Criterion layer Index layer  
Normalized 

values  

Vulnerability 

of CG (A)  

Exposure degree (B1) 

GDP per unit area (C1) 0.2374 

Density of population (C2) 0.5181 

Density of residential structures (C3) 1 

Density of lifeline engineering structures (C4) 0 

Sensibility (B2) 

Average elevation (C5) 0.1270 

Proportion of agricultural population (C6) 0 

Land-use sensitive index (C7) 0 

Proportion of female population (C8) 0.7234 

Capacity of disaster 

prevention and mitigation 

(B3) 

GDP per capital (C9) 0.7842 

Density of shelters (C10) 0.3370 

Density of medical aid institutions (C11) 0.6687 

 

 

C1, C2, C3, C4 in index layer could constitute a cusp catastrophe: 

 

 0=(0)C4=

 1=(1)C3=

6572.04/)(1    0.8032=(0.5181)C2=

 0.4872=(0.2374)C1=

1/51/5

c4

1/41/4

c3

c4c3c2c1

1/31/3

c2

1/21/2

c1

=

=

=+++==

=

X

X

XXXXBX

X

  
 

C5, C6, C7, C8 in index layer could constitute a cusp catastrophe: 
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C9, C10, C11 in index layer could constitute a swallowtail catastrophe: 
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B1, B2, B3 in criterion layer could constitute a swallowtail catastrophe: 
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Thus, the value of vulnerability to flood of CG is 0.7991 and the rest of townships 

could be calculated by analogy. The results are shown in Table 6. 

 
Table 6. The values of vulnerability of each evaluation township 

Evaluation township Exposure degree (B1) Sensibility (B2) 

Capacity of disaster 

prevention and 

mitigation (B3) 

Vulnerability 

HN 0.5860 0.7926 0.9770 0.8951 

XJ 0.6429 0.8860 0.9221 0.9141 

TP 0.6487 0.9508 0.9695 0.9270 

DX 0.6435 0.8265 0.9355 0.9081 

CGZ 0.6011 0.7284 0.9599 0.8883 

NM 0.4640 0.7569 0.9478 0.8598 

XMQ 0.6017 0.6950 0.9717 0.8848 

WZ 0.5251 0.8670 0.9465 0.8882 

MQ 0.5135 0.6281 0.9107 0.8499 

CLJ 0.6720 0.8563 0.9589 0.9196 

WXJ 0.7789 0.8573 0.5443 0.8971 

XBB 0.9346 0.7053 0.1913 0.8394 

MHK 0.7169 0.8669 0.9446 0.9287 

WEZ 0.3928 0.6344 0.9879 0.8277 

CG 0.5726 0.3234 0.8286 0.7991 

 

 

Vulnerability were classified into five magnitudes (micro vulnerability, light 

vulnerability, medium vulnerability, high vulnerability and severe vulnerability) by 

natural breakpoint method in ArcGIS (Wu and Li, 2013). The ranges of values for each 

level were [0.7991, 0.8277], [0.8394, 0.8598], [0.8848, 0.8971], [0.9081, 0.9141], 

[0.9196, 0.9287], respectively. The spatial distribution of the magnitudes of 

vulnerability in the study area is shown in Figure 6. 

 

 

Figure 6. Spatial distribution of the magnitudes of vulnerability in the study area 
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Risk 

We standardized the original values of the indicators in flood risk index system 

(include 13 evaluation indicators and 15 evaluation objects) as the matrix firstly. 

Through factor analysis, it could be found that the accumulated contribution of 

variances of the first three factors could reach to 82.78% (close to 85%), so they were 

extracted as common factors to summarize the information provided by the original 

indicators. As computed, C1/C = 0.6357; C2/C = 0.2057; C3/C = 0.1586, the 

comprehensive flood risk score ‘S’ of each evaluation township is presented in Table 7. 

With the application of hierarchical clustering analysis, the clustering dendrogram of 

evaluation townships was drawn by MATLAB, as shown in Figure 7. Based on 

Figure 7, we classified the flood risk in HHS into 6 magnitudes, as shown in Table 7. 

 

 

Figure 7. The clustering dendrogram of evaluation townships 

 

 
Table 7. The comprehensive flood risk score ‘S’ and the magnitudes of the flood risk of these 

evaluation townships 

Evaluation 

township 

Comprehensive flood risk 

score (S) 

Vulnerability index 

value 

Magnitude of flood 

risk 

HN -0.509  0.8951 Low-risk  

XJ -0.326  0.9141 Low-medium-risk 

TP -0.253  0.9270 Low-medium-risk 

DX -0.207  0.9081 Low-medium-risk 

CGZ -0.300  0.8883 Low-medium-risk 

NM -0.248  0.8598 Low-medium-risk 

XMQ -0.532  0.8848 Low-risk  

WZ -0.715  0.8882 Medium-high-risk  

MQ 0.010  0.8499 Medium-risk  

CLJ -0.112  0.9196 Medium-risk  

WXJ 0.832  0.8971 High-risk  

XBB 1.828  0.8394 Extremely-high-risk  

MHK -0.039  0.9287 Medium-risk 

WEZ -0.413  0.8277 Low-risk 

CG 0.983  0.7991 High-risk 
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Discussion 

The results of the research show that the flood risk in most areas of HHS is medium 

or even higher, which are consistent with the facts (Guo and Zha, 2010; Zhang, 2018; 

Huang et al., 2011). Huang et al. (2011) demonstrated that the flood disaster prevention 

and mitigation capacity of areas in the south of the main stream of Huaihe River was 

relatively low. Most areas of HHS are in medium, high even severe vulnerability which 

calculated in this article corroborates the study by Huang et al. (2011). The hypothesis 

used in this study that the flood risk is a combination of the natural hazard and 

vulnerability which was schematized in an equation: Risk  =  Hazard × Vulnerability 

(Wisner et al., 2003; Kubal et al., 2009). 

One of the planned extensions to the integrated method is a more comprehensive 

index system of flood risk assessment, which will inevitably involve more relevant 

regional indicators inputs associated with, for example, average age of population, type 

of housing and traffic situation in the region. In theory, the more considerate the 

indicators are, the more reliable the results become. A further possibility that could be 

considered for future development of the integrated method is to identify the evaluation 

units. The present-day results of flood risk are not completely actual because the 

administrative units (townships) are not the actual space units of flooding influence, 

thus it is difficult to distinguish the magnitudes of flood risk within a township. To a 

certain extent, this restricts the applicability of the integrated method in a small region. 

Besides, in the process of a flood, there is usually more than one breach in the 

floodplain. Therefore, the flood risk analysis considering multiple breaches is another 

future research direction to be supplemented and improved. 

Conclusions 

This paper fully understands the flood risk, considering that when assessing the flood 

risk for a specific region, we should investigate the flood hazard factors and different 

vulnerability indicators of the region at risk. In flood hazard analysis, a 1-D and 2-D 

coupled hydrodynamic model was established through MIKE software and used to 

simulate the floods with various return periods for obtaining the data of the flood hazard 

factors, such as inundation depth, inundation duration and flood flow velocity. In 

vulnerability analysis, according to the vulnerability evaluation index system of the 

object at flood risk, the catastrophe progression method was used to calculate the index 

value of vulnerability. Combining the flood hazard factors under the 200-year flood 

with the vulnerability indicators to flood disasters in HHS, a relatively complete index 

system of flood risk under the current conditions was established, and the flood risk 

were classified into 6 magnitudes by the method of factor analysis and hierarchical 

cluster analysis. The results are as follows: 

The values of inundation depth, inundation duration and flood flow velocity of 

evaluation townships under 50-year, 100-year and 200-year floods in HHS show an 

increasing trend following the increasing return periods. When faced with the 50-year 

flood, the maximum inundation depth can reach 3.649 m and the maximum inundation 

duration can reach about 446 h. When faced with the 100-year flood, the maximum 

inundation depth can reach 3.879 m and the maximum inundation duration can reach 

about 456 h. When faced with the 200-year flood, the maximum inundation depth can 

reach 4.253 m and the maximum inundation duration can reach about 475 h. 
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According to the spatial distribution map of the magnitudes of vulnerability, 

vulnerability in most areas of HHS towards flood disasters is high. 

Among the 15 townships evaluated, XBB is an extremely high-risk zone, WXJ and 

CG are the high-risk zones, WZ is the medium-high-risk areas, MQ, CLJ, MHK are the 

medium-risk zones, while XJ, TP, DX, CGZ, NM are the low-medium-risk zones. HN, 

XMQ and WEZ are low-risk zones. 
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