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Abstract: Flooding has become the natural disaster that causes the greatest losses, with urban flood-
ing restricting the healthy development of cities. The ability to assess a city’s resilience to flooding
is very important and would contribute to improving resilience and also help to inform planning
and development. The aim of this study was to determine the key urban flood resilience indicators
for three different Chinese cities (Wuhan, Nanjing, and Hefei) and to prioritize these for each city.
A combined interpretive structure and network analysis method (ISM-ANP) model was used to
evaluate and analyze the selected evaluation indicators. A four-level urban flood resilience evalua-
tion network model was constructed to determine the interdependence between indicators and to
calculate the priorities of the flood resilience indicators for the three cities. Overall, rescue capacity
was found to be extremely important and was defined as the most important index. For Wuhan,
indicators related to the distribution of waters were found to be more important, while for Nanjing,
spatial planning and spatial structure of land use were found to be key priorities. In Hefei, the level
of investment in infrastructure and the level of public resources occupy a more important position.
The framework presented in this study contributes to the understanding of urban flood resilience
and has the potential to be extended to other natural hazards.

Keywords: flood resilience; resilience analysis; urban flood; ISM-ANP model

1. Introduction

Flooding has become the most frequent natural hazard posing significant social, eco-
nomic, and environmental damages across the globe especially in urban areas with high
levels of vulnerability [1]. According to the “Annual Flood and Drought Disaster Report
in China” (Ministry of Water Resources of the People’s Republic of China, 2019), in the 10
years from 2008 to 2018, huge economic losses have been caused by flooding every year.
For example, in 2018, 83 cities experienced flood events, and the direct economic losses
accounted for 18% of GDP that year, as shown in Figure 1 [2]. As global warming and
human activities intensify, extreme rainfall events in the future will become more fre-
quent, leading to more fatalities and losses [3,4]. The ability of a city to resist the effects of
flooding has gradually received more attention and development. Even when such haz-
ards are recognized, risk reduction and vulnerability are often not salient concerns until
after these events occur [5]. However, in order to manage future flooding it is crucial to
consider flood risk mitigation and adaptation measures now. In recent times, improving
resilience to flooding has become one of the most important methods for coping with cli-
mate change and natural hazards, and hence the quantitative evaluation of flood resili-
ence has emerged as a priority [6].
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Figure 1. 2008-2018: China’s direct economic losses due to floods as a percentage of GDP for that
year.

Consequently, there has been a noticeable shift from efforts to understand hazard
vulnerability towards improving the resilience of cities to flooding [7]. The adversities
caused by rapid urbanization and natural disasters (such as extreme precipitation, water-
logging, hail, etc.) have promoted the need for further research on sustainable develop-
ment and resilience [8]. Resilience is a controversial concept and has different definitions
in different disciplines and contexts [9]. For example, in engineering, usually engineers
define it as the ability of a system to recover from a disruption caused by a disturbance
[10]. In ecology, it is related to the changes that the system can tolerate and the ability to
reorganize or renew [11]. The National Research Council defines resilience as “the ability
to prepare and plan for, absorb, recover from, and more successfully adapt to adverse
events” [12]. The connotation of resilience in the context of flood risk management relate
to when the urban water system faces floods: (a) the ability to withstand flooding events,
that is, the ability to protect against floods; (b) the resilience when events occur, that is,
the ability to minimize damage and support speedy recovery; and (c) the self-organiza-
tion, learning, and adaptability of the system [13]. Combining the understanding of resil-
ience by different scholars and experts, this study defines resilience as the extent to which
the system endures interference and can still return to its original state quickly when im-
pacted, maintaining its main functions, structural characteristics, and self-regulation abil-
ity. The combination of resilience theory and water systems knowledge opens up the po-
tential for new research directions and a vision of future flood resilience [14].

Flood resilience captures the ability to thrive through flood events and recover from
the disruptions occurred to the engineering assets [15]. Some scholars have defined the
concept of flood resilience from different scales such as building units, cities, river basins,
and regions (Table 1). The common point is that on the one hand, they emphasize the
ability to withstand flood hazards, and on the other hand, they emphasize the ability to
recover after the hazard has taken place [16]. The single-scale flood resilience of a building
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emphasizes more on the physical structure to resist flood hazards, while the urban and
regional flood resilience emphasizes the accumulation of experience and pays attention to
social structures and spatial characteristics [17]. In the context of urban flooding, flood
resilience is defined as the ability of a city to resist flood events, to adapt to their impacts,
and to recover to the original state after the flooding has receded. This represents the func-
tion of the system during and after a flood event [18]. Thus, flood risk management re-
quires efforts not only associated with the zoning of flooding hazards [19,20], but with
flood risk management strategies that combine hazard exposure and social vulnerability
[21,22], but also concerning how to build the capacity to become resilient [23].

Table 1. Comparison of the concept of flood resilience at different scales.

Scale Concept Definition Focus
. o The ability of buildings to resist external and internal damage during floods .
Single build Resist
feie Puliding (Bowker and Wallingford, 2005). esistance
Urban resilience to floods is defined as a city’s capacity to tolerate flooding and
to reorganize should physical damage and socioeconomic disruption occur, so .
. L . . . . Resilience and
City scale as to prevent deaths and injuries and maintain current socioeconomic identity,

learning abilit
and to use cyclical floods as a learning opportunity to prepare cities for cata- 8 y

strophic floods (Liao, 2012).

Watershed scale

The resilience of the system can be defined as: the ability of an area to recover
from floods; the resistance of the system can be defined as: the ability to let wa-  Resilience
ter flow through without causing floods (De Bruijn, 2005).

Regional scale

(1) Spatial flood resilience refers to land management and storm runoff manage-
ment measures based on floodplain zoning and urban greening. (2) Structural
flood resilience refers to permanent flood control structures. (3) Social flood re-
silience refers to the establishment of sound institutions and management sys-
tems that consolidate the ability to prepare for and respond to uncertainties,
changes, and hazards. (4) Flood resilience refers to the ability to withstand and
recover from flood disaster through financial insurance assistance and govern-

Social resilience
and spatial char-
acteristics

ment agency assistance (Tourbier, 2012).

A new wave of research has proven that flood resilience can be integrated systemat-
ically into urban planning processes and procedures [24]. However, the current academic
research on urban flood resilience is still in its infancy [25,26] and can be roughly divided
into the following categories:

(1) Studies that explore the concept and connotations of urban flood resilience and
the development of flood resilience theory [10,27,28]; as the scale increases, the connota-
tion of flood resilience becomes more abundant [29].

(2) Evaluation methods of urban flood resilience. This includes urban mitigation as-
sessment methods, which are considered an essential step to reduce flood risk and better
prepare for natural hazards [6,30-33].

(3) Planning strategies and risk reduction methods to improve urban flood resilience;
see for example [25,34,35].

In terms of flood resilience assessment methods, Huang et al. (2020) selected the eval-
uation index system of urban flood resilience and built a simulation model based on sys-
tem dynamics [28]. Zhong et al. (2020) and Sun et al. (2019) proposed the fuzzy Delphi
method and the combination of the analytical network process (ANP) to develop an ad-
vanced urban flood prevention measurement index framework [34]. Cui and Li (2019)
used the analytical network process (ANP) combined with fuzzy comprehensive evalua-
tion to establish an urban community flood prevention ability framework [30]. Based on
this, flood resilience was evaluated by the use of the Decision Test and Evaluation Labor-
atory (DEMATEL), interpreted structural model (ISM), and ANP [26]. Lin et al. (2019)
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presented a new quantitative flood susceptibility analysis framework to estimate the po-
tential flood extents and scale. This framework was based on the multicriteria decision-
making methods within a platform of the geographic information system (GIS). A com-
posite urban flood risk index (FRI) was derived from various flood conditioning factors
[31]. Seekao and Pharino (2016) developed a flood vulnerability map based on the geo-
environmental characteristics of the study area. The map was produced through the use
of geographic information system methods and a multicriteria evaluation [32]. Rehman et
al. (2019) undertook a systematic review of flood assessment research published in re-
puted journals and identified the main methods and approaches [33].

Although the term resilience has become a new paradigm for flood risk management
in places including Europe, Australia, and the United States, China’s approach is still in
its infancy [36]. This has tended to focus mainly on the analysis of the concept of urban
resilience and the development of theoretical frameworks, including the construction and
evaluation of indicator systems [37]. Hence, there remains a number of challenges in for-
mulating the priority of indicators that can be used to evaluate the causes of flooding and
improve urban resilience strategies. This research combines the interpretative structure
model (ISM) and the network analysis method (ANP) to propose a network structure
model to strengthen urban flood resilience, including the following goals: (1) to determine
the indicators of urban flood resilience, (2) to establish a simplified hierarchical structure
model to distinguish the relationship between indicators, and (1) to determine the priority
of indicators and develop policy implications for different cities.

2. Methodology

Figure 2 shows the framework for this research. First, the level and index factors of
the city’s ability to withstand floods are determined. Secondly, the Interpretive Structure
Model (ISM) is used to describe the direct relationship between the indicators, the mutual
constraints, connections, and influences, while the correlation matrix of graph theory is
used to analyze the overall structure of the system. After the calculation, the network
structure model is constructed; then, the analytic network process (ANP) is used to calcu-
late the weight of each of the urban flood resilience indicators, the gaps in the flood resil-
ience of each city, and the ranking of urban flood resilience indicators.
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Figure 2. Framework of resilience indicators analysis with a network structuring model.

2.1. Establish an ISM Model

ISM is a conceptual model that can transform ambiguous thoughts and opinions into
intuitive models with good structural relationships. By mastering the correlation between
various representative indicators, and assisted by computing power, ISM can be applied
towards helping to improve the understanding of flood resilience. Graphs and matrices
explain the indicators and the relationships between them in detail [38]. The basic steps to
implement ISM are as follows [7,23,38—41]:

1. Establish an adjacency relationship matrix.

The indicators of urban resilience are denoted as V;,V,, V5 -+, V, ,V; €V and were
selected, n is the quantity of resilience indicators, and V is the set of resilience indicators.
By issuing questionnaires to experts and analyzing the literature, the correlation between
the elements is obtained, and then the adjacency matrix A that can reflect the correlation
between the elements is established. Set the threshold value A, if A = (ajj))mxn, then aj; is
the influence of elementV; on V;, and “0” and “1” are used to indicate the relationship
between elements, which is defined as Equation (1):

Laj=Ai=1,n 1
al]_ O,Hi]‘<}\,i=1,"'l’l ()
When V; has an influence on Vj, a;=1, when V; has no influence on Vj, a;=0.
2. Reachability matrix solution.

The reachable matrix (denoted by M) is a matrix form that describes the degree that
can be reached after a certain length of path between each node of the directed connection
graph. The adjacency matrix A obtained from the previous step uses the Boolean algebra
operation rules and Formula (2) to calculate the reachable matrix.

A+D+=A+D2# @A +D¥1=A+DK(k<n-1), )
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Then, M = (A + Dk.
3. Determining the hierarchical evaluation network.

The antecedent set A; and the reachability set R; can be determined by Equations
(3) and (4) separately,

A; = {a|a; € Amy; # 0,i= 1,2, n}, 3)
R; = {a;|o; € Amy; # 0,j =1,2--,n}, (4)

If "R; N A; = R;” is satisfied, which means that the reachability set of R; is com-
pletely included in the antecedent set of A;, then R;is the factor set with the highest pri-
ority, denoted as Level 1. Subsequently, all elements in R; form the indicators set, and the
corresponding row and column are deleted from the matrix D, and class division is done
to divide different indicators into different levels. Finally, the hierarchical structure of the
network can be determined.

2.2. ANP Method

ANP has evolved from the analytic hierarchy process (AHP), which is applied to as-
sign weights of the selected dimensions and indicators [7]. AHP determines the weight of
indicators by pairing dimensions and indicators without considering the interdependence
among dimensions [42]. ANP extends the AHP to problems with dependence and feed-
back. It allows for more complex interrelationships among decision elements by replacing
a hierarchy in the AHP with a network [38]. The analysis process using ANP is as follows
[38,43-46]:

1.  Extracting the features of a problem.

This entails carrying out a systematic analysis of the problem to be solved to form
element sets and elements, and at the same time determining the independence or influ-
ence relationships between each element. Here, urban flood resilience was broken down
into different dimensions, and a reasonable network was constructed through quantita-
tive correlation.

2. Construct a pairwise comparison judgment matrix.

Decision indicators at each dimension are compared pairwise with respect to their
importance towards the same dimension, and the dimensions themselves are also com-
pared pairwise regarding their contribution to the resilience. The relative importance val-
ues are determined by Satty’s scale as in AHP (Table 2), then, the priority vector can be
calculated.

Table 2. Satty’s scale.

Scale of Importance Linguistic Term Explanation
1 Equal importance Two indicators contribute equally to the objective
3 Moderate importance Judgment slightly favors one indicator over another
5 Strong importance Judgment strongly favors one indicator over another
7 Very strong An indicator is favored very strongly over another
9 Extreme strong An indicator is favored extremely strongly over another
2,4,6,8 Represents the intermediate value of the above adjacent judgment

3. Calculate eigenvalues and eigenvectors.
After completing the integrated comparison matrix, the eigenvector method and For-
mula (5) are used to obtain the eigenvector W.

AW = A W ©)

where Amaxis the maximum eigenvalue of the comparison matrix.

4.  Checking consistency.
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The consistency index (CI) and consistency ratio (CR) are calculated.
Amax — 1
C] = ax  — (6)
n—1

CI
CR =— 7
T )

where n is the order of the comparison matrix and RI is the average random index based
on matrix size. All the comparison matrices are required to pass the test with CR < 0.1,
otherwise, the problem must be re-examined and corrected into the judgment of the even
comparison matrix.

5. Initialize supermatrix formation and supermatrix solution.

After the consistency check is completed, under the influence of a single index that
meets the consistency, the eigenvectors of each dimension index are integrated into a large
matrix, which becomes an unweighted super matrix. A weighted supermatrix is derived
by transforming all columns sum to unity, and then the weights are calculated by long-
term stable weighted values, allowing the weight of the indicator to be obtained.

3. Empirical Research
3.1. Study Area

This research selected Wuhan, Nanjing, and Hefei as the research objects. These three
cities are all regions with a relatively developed economy and a relatively high degree of
urban agglomeration in China (Figure 3).
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@ Administration center
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Figure 3. Map of study area: (A) Wuhan, Hefei, and Nanjing City; (B) the location of study area in China.

Wuhan is an important city for flood control of the Yangtze River. The Yangtze River
runs through the urban area of Wuhan. The Han River, the largest tributary of the Yangtze
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River, also merges into the Yangtze River in Wuhan. The annual flood level is higher than
the city’s ground elevation. Both the upstream and local rainfall is high, with an average
annual rainfall of 1269 mm. Wuhan's geographical location and climatic characteristics
make it a severely flood affected area, with the city’s flood defenses being tested in the
flood season almost every year. For example, from 30 June to 9 July 2016, the direct eco-
nomic losses caused by floods in Wuhan reached USD 55.50 million, the affected popula-
tion was 535,800, and 120,000 hectares of crops were damaged, causing serious losses.

Nanjing and Hefei have relatively advantageous geographical locations. They are lo-
cated in the Yangtze River Delta Impact Plain. They form an important part of the Yangtze
River Delta city cluster and have an irreplaceable position in the country’s development
of modern cities. Nanjing is located in the lower reaches of the Yangtze River, adjacent to
the river and the sea, and flooding poses a major threat. For example, on 14 July 2020, due
to multiple consecutive days of heavy rainfall, the water level at Xiaguan Station in Nan-
jing broke through 10.03 m (the warning level is 8.7 m), exceeding the warning level by
1.33 m. Hence, improving the management of flood risk is a priority for the city.

Hefei is the provincial capital of the Anhui Province. The annual average rainfall is
1100 mm and there are highly concentrated rains in some seasons. In 2020, Hefei experi-
enced heavy rains for 18 consecutive days. According to the data released by the Anhui
channel of People’s Daily Online on 29 July 2020, 15,000 houses were damaged by floods,
and 759,000 people were affected, with direct economic losses of USD 66.13 million.

It can be seen that these three cities are all flood-prone areas, and their economic
development levels are quite similar. For this reason they were selected as the research
objects for this study towards improving the understanding of their flood resilience and
based on the research results to develop valid recommendations for improving their flood
control policies and strategies.

3.2. Determine the Relationship between ISM-Based Evaluation Indicators
1. Determine the evaluation index system.

Based on evidence from the international research literature [47-49] and considering
the availability of data, 13 indicators suitable for urban flood resilience were determined
around the five dimensions of economic systems, natural environment, government and
organization, scientific and technological capabilities, and built environment. Technolog-
ical capabilities are based on rescue capability and prediction and preparation capabilities.
The built environment targets life support systems and infrastructure capabilities. In ad-
dition, the government and organization dimension generally refers to hardware and soft-
ware plans developed to prevent the impact of disasters. The government and organiza-
tion dimension also includes management capabilities and institutions that respond to
disaster outbreaks. The economic systems dimension considers the response and resili-
ence of society and economy to emergencies. In addition, it also includes the financial
capacity of the local government to deal with typhoons and floods. Finally, as far as the
natural environment is concerned, this focuses on areas with high potential for landslides,
floods, and other hazards. Following this, the next steps were to establish an indicator
system for urban flood resilience (see Table 3) and conduct evaluation, comparison, and
analysis.

Table 3. Urban flood resilience evaluation index system.

Dimension

Indicator Description Symbol

Economic System

Investment in infrastructure construction

The level of infrastructure investment  such as providing services to improve the V1

unfavorable external environment.
Rescue capabilities Relief and rescue capability. V2
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Natural Environment

Government and Or-
ganization

Technological Capabil-
ity

Built Environment

Social security

Environmentally sensitive area

Water resource protection
Water distribution
The flood control plan

Resource allocation capacity

Rational spatial planning
Weather forecast overview
Flood resource recovery

Spatial structure of
land use

Public resource level

Ensure that citizens with no income, low
income, and various accidental disasters
can survive.
High-potential areas for landslides,
flooding, and
other hazards.
High-potential areas for landslides,
flooding, and
other hazards.

Distribution of rivers, seas, and lakes.
Developed the hardware and software
plans to prevent the flood shocks.
Water resources distribution and regula-
tion
Capability.

Long-term planning and overall plan-
ning of space resources and layout.
The forecasts and preparedness capaci-
ties.

Implement effective flood management
and rationally allocate flood resources.
Spatial structures of the urban areas and
regional
areas.

Life-support systems and infrastructure
capability.

V3

V4

V5

Vo6
V7

V8

V9

V10

Vi1

Vi2

V13

2. Establish adjacency matrix.

V1-V13 are used to represent the secondary indicators in order to form an ISM im-
plementation team to determine the correlation between the indicators. A combination of
the Delphi method and an analysis of related literature was adopted. Eight experts with
rich experience in urban flood resilience and related fields were invited to complete a
questionnaire survey. Details of these experts are shown in Appendix C. Please refer to
Appendix D for the specific questionnaire survey. After the results were summarized and
sorted, the related literature was analyzed in combination to further determine the rela-
tionship between the indicators. Finally, the relationship between all index factors was
obtained, and the adjacency matrix A was established.
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3. Calculation of reachable matrix.

The reachable matrix M that can be obtained by programming with Matlab 9.1.0.

1 00 0000O0O0O
0100111001
0010000O0O00O
1011000100
0000100001
0000010001
M=|0 000111001
00000O0OO0O1TO00
1011111111
0000O0O0O1001
00000O0OO0OO0OO0OO
00000OO0OO0OO0OO0OO
1011010101

SR ORrRORRPRPRORORFRO

[EEN

o
2

RO ORORORROR
cocoorocococococoo

—_
=

According to the reachable matrix M and Equations (3) and (4), the antecedent set A;
and the reachability set R; are determined, and then the inter-level division is performed.
The solution process of the inter-level division is illustrated in Table 4 as an example. From
Table 4, we can extract the level of infrastructure investment (V1), social security (V3),
resource allocation capacity (V8), weather forecast profile (V10), flood resource recovery
(V11), and land use (V12) as urban flood resilience factors of the first layer of the structural
model. In the same way, the division between levels is continued, and finally, the structure
model is established according to the reachable matrix arranged between the levels, as

shown in Figure 4.

Table 4. First-level factor division data.

. Intersection . .
Inﬂuenc‘lll;g Factor Reachability Set (Ri) Antec(e:ie;nt Set Set 5(3 N A()
(Ri N Ai)
Vi1 1 1,4,13 1 Vi1
\ 2,5,6,7,10,11,12 2 2
V3 3 3,4,9,13 3 V3
V4 1,3,4,8,11,12 49,13 4
V5 5,10,12 2,5,7,9 5
V6 6,10,11 2,6,7,9,13 6
V7 5,6,7,10,11,12 2,7,9 7
\'%:} 8 4,8,9,13 8 \'%:}
Vo 1,3,4,5,6,7,8,9,10,11,12, 9 9
13
V10 10 2,5,6,7,9,10,13 10 V10
V11 11 2,4,6,79,11,13 11 V11
V12 12 2,4,6,7,9,12,13 12 V12
V13 1,3,4,6,8,10,11,12,13 13 13
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Level 1

Level 2

Level 3

Level 4

Figure 4. Hierarchical structure of urban flood resilience.

As can be seen from the ISM model, the 13 indicators of the model can be divided
into 4 levels. Level 1 represents direct impact indicators, where the level of infrastructure
investment directly affects the availability, breadth, and accessibility of resources. Level 2
and level 3 are defined as indirect impact levels, indicating lesser influence, and including
environmentally sensitive areas (V4), protection of water resources (V5), water distribu-
tion (i.e., precipitation) (V6), flood control plans (V7), and the level of public resources
(V13). These factors play the role of linking the preceding and the following factors, so
strengthening of the management of the intermediate and indirect factors is essential.
From a deeper perspective, the lower level is defined as the fundamental impact level,
which is the most basic and objective index of a city’s flood resilience, including rescue
capabilities and capacity (V2) and reasonable spatial planning (V9). Spatial planning is
considered to be an important way to improve the flood resilience of cities. The explana-
tory structure model roughly analyzes the influence relationship among the indicators
from the qualitative point of view, so that the primary, secondary, and weighty relation-
ship among the indicators can be shown intuitively.

3.3. ANP Model of Urban Flood Resilience

Based on the results of the ISM model in the previous section, the ANP network
structure model of urban flood resistance was proposed and studied. The network ana-
lytic hierarchy process (ANP) is a new decision-making method developed on the basis
of the analytic hierarchy process (AHP). Because of the network structure, the calculation
method of ANP is very complicated, and it is difficult to apply the ANP model to the
practical decision-making problem without the help of software. The Super Decision (SD)
software successfully programmed the calculation of ANP based on the ANP theory. Su-
per Decision is a decision-making software dedicated to network analysis. It has powerful
functions and can create complex system models.

The ANP method was used to analyze the weights of flood resilience indicators in
Wuhan, Nanjing, and Hefei, separately, and to comprehensively consider the interaction
between the indicators in order to obtain the priority of urban flood resilience indicators
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in each location. The determined indicators and their relationships were entered into the
Super Decision (SD) software to form a network structure diagram, as shown in Figure 5.
The circular arrows indicate the mutual influence relationships within the indicators, and
the direct arrows indicate the mutual influence relationships between the indicator
groups. The flood resilience system indicators and their interdependence were then cal-
culated for each city. Based on the established ANP model of urban flood elasticity influ-
encing factors, combined with Formulas (5)-(7) and the analysis process of the ANP
model, the SD software was used to find the weightless supermatrix, weighted superma-
trix, and finally to draw the limit hypermatrix to get the weight of each index.

Influencing factors
of urban flood
resilience

Control layer

Economic
Natural

Environment

Network layer

Built
Environment

Technologic

1 Capability

Government
Organization

Figure 5. Hierarchical structure of urban flood resilience.

Before calculating the weightless supermatrix, a judgment matrix should be con-
structed. After consulting experts, the judgment matrix for the pairwise comparison of
each indicator was developed, and these judgments were entered into the SD software to
calculate the weightless supermatrix of the three city indicators (as shown in Appendix
A). The column is a sorting weight based on the element. If there is no effect, the value is
0. Finally, according to the extreme supermatrix (see Appendix B), the overall normalized
weights of the evaluation indicators of Wuhan, Nanjing, and Hefei were obtained, as
shown in Table 5, and the comparison of the resilience indicators in the cities is shown in
Figure 6.

Table 5. The index factor weights of the three cities.

Indicators Wuhan Nanjing Hefei
V1 0.063 0.054 0.161
V2 0.245 0.222 0.279
V3 0.056 0.036 0.066
V4 0.117 0.092 0.034

V5 0.078 0.063 0.028
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Figure 6. Comparison of resilience indicators in three cities.
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3.4. Results and Analysis

The analysis revealed that rescue capability (V2) was undoubtedly the most im-
portant index for the three cities. Urban rescue capability is one of the backbones of the
city’s prevention and response to emergencies, and it is also an important part of urban
emergency management. It is of great significance for enhancing the overall strength of
the city and ensuring sustainable development. Improving urban rescue capabilities is a
top priority for protecting the lives of community members. If the rescue capacity is not
up to the required level, the intensity of even small flooding can bring about great damage
to a city.

In addition, for Wuhan, water distribution (V6), environmentally vulnerable areas
(V4), water resource protection (V5) and flood resource recovery (V11) have important
effects on flood resilience. The water area of Wuhan City accounts for 26.1% of the main
city, and the water area of Nanjing accounts for 11.4% of the main city. The waters of Hefei
City are basically within Chaohu Lake, and its general public expenditures are also far
behind those of Wuhan and Nanjing. A comparison of the data between Wuhan, Nanjing,
and Hefei reveals the differences in the area of water coverage and the direction of general
public expenditure. The abundance of water resources in Wuhan is extremely important
to its own development advantages. Wuhan has more water areas and is located in an
important position on the Yangtze River. Rainstorm rapids or flooding of rivers and lakes
can cause floods, so these indicators are particularly important. Wuhan’s GDP and general
public budget are both at the leading level of these three cities. Therefore, the capital-re-
lated basic investment (V1) has a relatively mature ability to deal with risks, and the levels
of social security (V3) and public resources (V13) are also relatively mature. In addition,
the prevention and control plan (V7) is relatively well-developed, so its importance is rel-
atively low compared to natural factors. Compared with Nanjing in terms of population
density and area, Wuhan has a relatively uniform population distribution and relatively
good spatial planning. Therefore, indicators of urban planning, such as V9 and V12, are
of lower importance in the face of flooding.

Nanjing is densely populated, its water area is sparse, and the built-up area is rela-
tively small. Therefore, the overall planning of Nanjing (V9, V12) is extremely important
when floods occur. Although its water area is less than that of Wuhan, Nanjing also be-
longs to a higher level, so the indexes of water natural factors (V4, V6, V5, V11) also belong
to a more important level. The GDP of Nanjing has always been at the leading level in
China, its ability to deal with risks is relatively mature, and various prevention and con-
trol schemes of public resources are relatively strong. Therefore, the weights of V1, V13,
V8, V3, V7, and V10 are relatively small, and their influences on the flood resilience of
Nanjing are relatively low.

Compared with Wuhan and Nanjing, the infrastructure (V1) and public resources
levels (V13) of Hefei account for a larger weight. This is due to the infrastructure and
public resources of Hefei being relatively poor, so the city is prone to greater damages
when flooding occurs; hence, greater attention is paid to these issues. Following this, V8,
V3, V9, V6, and V11 have a relatively large weight, because the water area in Hefei is
small, and when the flood comes, the losses caused by these natural factors is relatively
small compared with the damage to infrastructure. Hefei is a first-tier city in China and
its GDP is smaller than that of Wuhan and Nanjing, but it is also at the forefront of the
country. Therefore, its flood prevention plan (V7) is relatively complete and has a certain
ability to resist floods.

4. Discussion

This study determined the evaluation index system of urban flood resilience and es-
tablished an evaluation model to evaluate the flood resilience of the three cities of Wuhan,
Nanjing, and Hefei. Through the analysis, it was found that the rescue capability (V2)
plays an important role in the flood events. Water distribution and protection of water
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resources also have a major impact on Wuhan's flood resilience. For the city of Nanjing,
reasonable spatial planning and land use are more important. In Hefei, the level of invest-
ment in infrastructure and the level of public resources occupy relatively important posi-
tions, which have a greater impact on the resilience of urban floods.

In previous studies, some scholars also evaluated the flood resilience of three cities
[17]. Liu et al. (2018) established an evaluation index system based on stimulus, sensitivity,
and adaptability, and conducted an analysis of flood resilience in Suzhou, Wuxi, and
Changzhou. Compared with previous research, this article is a slight improvement. It not
only evaluates the city’s flood resilience, but also analyzes the priority of indicators based
on the actual conditions of Wuhan, Nanjing, and Hefei.

This study also has certain shortcomings. In the analysis process, the article combined
two model methods, namely, the interpretation structure model and the network analytic
hierarchy process, and thus built the ISM-ANP model. Some scholars have used this
model to conduct other studies to prove the usability of this model [36,41]. However, this
method has certain limitations, that is, the data are subjective. In future research, the
model can be optimized, and a combination of subjective and objective methods can be
used to improve the subjectivity of the model. In addition, although this research takes
urban flood resilience as the research theme, it does not belong to the traditional research
paradigm based on the perspective of engineering technology. Based on quantitative re-
search and practical application feasibility considerations, this study uses representative
indicators to develop an innovative and robust process for assessing urban flood resili-
ence. However, due to the complex structure of the urban flood system and many influ-
encing factors, it is difficult to fully analyze the resilience of the urban flood system. The
application of urban flood resilience assessment methods in the world is still at the theo-
retical and qualitative level. The selection of indicators can only refer to the previous re-
search literature, and a more comprehensive and systematic evaluation of the quantitative
indicators and methods of urban infrastructure flexibility is also needed. The urban flood
resilience assessment system constructed in this paper can provide a reference for other
regions to carry out urban flood resilience assessments.

Research on resilience to urban flooding is still in its infancy, and it is essential to
further increase the quantitative assessment of urban flood resilience as development and
construction continues to take place. This will also be indispensable information in the
subsequent implementation of spatial planning processes that are sympathetic to main-
taining and improving flood resilience.

5. Conclusions

In this study we considered 13 indicators of urban flood resilience, namely, the level
of infrastructure investment (V1), rescue capabilities (V2), social security (V3), environ-
mentally sensitive area (V4), water resource protection (V5), water distribution (V6), the
flood control plan (V7), resource allocation capacity (V8), rational spatial planning (V9),
weather forecast overview (V10), flood resource recovery (V11), spatial structure of land
use (V12), and public resource level (V13).This research investigated the resilience of Wu-
han, Nanjing, and Hefei to urban floods and proposed a new evaluation framework. The
ISM was used to divide the selected indicators between levels to establish a hierarchical
structure diagram of urban flood resilience; on this basis, the network analysis method
was used to analyze the index weights of Wuhan, Nanjing, and Hefei. This evaluation
method can also be used in the group decision-making method in urban flood manage-
ment to determine the interdependence between various indicators. Based on the analysis,
the conclusions that can be drawn from this study are as follows:

e  This study determined an indicator system for evaluating urban flood resilience and
constructed an evaluation framework based on the ISM-ANP method. Using the ISM
analysis method, the evaluation index system was divided into four layers, and V1,
V3, V8, V10, V11, and V12 were determined as direct surface factors; in other words,
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these indicators will directly affect urban flood resilience and are classified in the
upper layer of the ISM hierarchical structure. Factors V4, V5, and V6 and V7 and V13
were on the second and third layers, respectively, and identified as intermediate in-
direct factors. V2 and V9 were defined as deep-level fundamental factors, placed on
the fourth layer of the ISM structure, and are the fundamental factors that affect the
city’s ability to withstand floods.

e  This study combines two model methods, namely, the interpretation structure model
(ISM) and the analytic network process (ANP), and enriches the research content in
the field of flood resilience. When the ISM method is applied, it is necessary to find
experts in relevant fields to compare and judge the relationship between the selected
indicators. On this basis, the ANP method uses expert survey methods to get the
judgment matrix among indicators. Finally, the Super Decision software is used to
get the weight of each indicator. However, because the ISM-ANP model relies on the
personal experience, knowledge, and professional judgment of the decision maker,
there is a certain degree of subjectivity. Therefore, when the model is actually used,
the results may be different due to the difference in the personal level of the decision
maker. Using expert groups to judge the relationship between factors may be limited
by personal values or experience and knowledge. Different experts may have differ-
ences. It is more cumbersome to synthesize expert opinions, which also affect the
final model analysis results.

¢ In this study, three cities in the Yangtze River Basin, namely Wuhan, Nanjing, and
Hefei, were selected to quantify the interdependence among the evaluation indica-
tors of urban flood resilience. ANP was used to calculate the weights and priority of
the indicators among the different cities. This analysis process can be used as a new
evaluation framework that can promote the use of multiple indicators to evaluate
urban flood resilience.

¢ Moreover, through calculation and analysis, it was found that the rescue capacity
(V2) plays a leading role in the flood resilience of the three cities, with the highest
weight and the largest influence. For Wuhan, water distribution and water resource
protection also have a major impact on flood resilience. For the city of Nanjing, rea-
sonable spatial planning and land use are more important, and its water distribution
also has a certain influence on the flood resilience. In Hefei, the level of infrastructure
investment and public resources occupy relatively important positions, which have
a greater impact on urban flood resilience.
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Appendix A. Unweighted Supermatrix for Compatibility before Convergence of Dimensions

Vi V2 V3 V4 V5 V6 V7 V8 V9 V10 Vi1 V12 Vi3

V1 0071 0.066 0.064 0.062 0.066 0.065 0.069 0.061 0.058 0.052 0.051 0.055 0.056

V2 0248 0243 0234 0236 0241 0234 0267 0234 0255 0.262 0264 0.258 0.255

V3 0.061 0.059 0.058 0.058 0.057 0.058 0.062 0.056 0.053 0.049 0.047 0.047 0.048

v4 0122 0115 0.115 0.116 0.116 0.115 0.123 0.110 0.108 0.123 0.120 0.122 0.122

V5 0.041 0.086 0.087 0.088 0.086 0.088 0.009 0.084 0.081 0.073 0.069 0.070 0.070

V6 0131 0.126 0.125 0.125 0.126 0.125 0.136 0.148 0.143 0.174 0.203 0.191 0.193

Wuhan V7 0.042 0.039 0.045 0.040 0.040 0.041 0.044 0.044 0.044 0.034 0.032 0.033 0.033

V8 0.050 0.047 0.049 0.049 0.048 0.049 0.053 0.048 0.048 0.042 0.038 0.039 0.039

V9 0.029 0.028 0.028 0.028 0.028 0.028 0.030 0.027 0.027 0.024 0.023 0.025 0.024

V10 0.041 0.038 0.039 0.039 0.038 0.039 0.041 0.037 0.036 0.032 0.031 0.032 0.032

Vi1 0.082 0.078 0.079 0.078 0.076 0.079 0.084 0.073 0.074 0.065 0.061 0.064 0.065

V12 0.027 0.026 0.026 0.026 0.026 0.026 0.028 0.027 0.025 0.022 0.020 0.020 0.021

V13 0.054 0.049 0.051 0.053 0.052 0.054 0.054 0.053 0.047 0.046 0.040 0.043 0.043

V1l 0.051 0.055 0.048 0.057 0.053 0.056 0.053 0.053 0.056 0.053 0.053 0.055 0.053

V2 029 0205 0279 0205 0.222 0222 0222 0222 0222 0224 0222 0222 0215

V3 0.033 0.037 0.035 0.036 0.036 0.036 0.036 0.036 0.036 0.036 0.036 0.036 0.035

V4 0.083 0.094 0.08 0.094 0.092 0.092 0.092 0.092 0.092 0.092 0.092 0.092 0.090

V5 0.056 0.064 0.059 0.064 0.063 0.063 0.063 0.063 0.063 0.062 0.063 0.062 0.061

V6 0.066 0.077 0.070 0.077 0.075 0.074 0.075 0.075 0.074 0.075 0.075 0.075 0.073

Nanjing V7 0.029 0.033 0.030 0.033 0.032 0.032 0.032 0.032 0.032 0.032 0.032 0.032 0.031

V8 0.049 0.047 0.042 0.046 0.046 0.045 0.046 0.046 0.045 0.046 0.046 0.045 0.044

V9 0113 0.128 0.116 0.128 0.125 0.125 0.125 0.125 0.125 0.125 0.125 0.125 0.122

V10 0.026 0.030 0.027 0.030 0.029 0.029 0.029 0.029 0.029 0.029 0.029 0.029 0.028

V11 0.054 0.061 0.056 0.061 0.060 0.060 0.060 0.060 0.060 0.060 0.060 0.060 0.058

Vi2 0.103 0.117 0.106 0.117 0114 0.114 0.114 0.114 0114 0.114 0.114 0.114 0.140

V13 0.046 0.052 0.047 0.052 0.051 0.051 0.051 0.051 0.051 0.051 0.051 0.051 0.050

V1l 0206 0.113 0.152 0.169 0.186 0.170 0.144 0.154 0.172 0.171 0.212 0.142 0.190

V2 0245 0312 0271 0279 0306 0268 0282 029 0256 0297 0254 0.257 0262

V3  0.063 0.069 0.069 0.062 0.060 0.065 0.070 0.066 0.067 0.061 0.063 0.073 0.062

V4 0.032 0.037 0.035 0036 0.031 0.033 0.037 0.033 0.034 0.032 0.033 0.037 0.033

V5 0.028 0.031 0.029 0.027 0.025 0.027 0.029 0.027 0.028 0.025 0.026 0.030 0.026

V6 0.050 0.054 0.053 0.054 0.046 0.052 0.055 0.051 0.053 0.049 0.050 0.059 0.048

Hefei V7 0.036 0.042 0.039 0.037 0.034 0.039 0.041 0.037 0.038 0.035 0.036 0.042 0.035

V8 0.070 0.082 0.075 0.071 0.067 0.073 0.078 0.074 0.075 0.071 0.071 0.080 0.069

V9 0.056 0.063 0.060 0.058 0.053 0.058 0.064 0.058 0.061 0.056 0.057 0.066 0.055

V10 0.017 0.018 0.019 0.020 0.016 0.018 0.020 0.018 0.019 0.017 0.017 0.019 0.017

V11 0.043 0.048 0.046 0.046 0.040 0.044 0.048 0.046 0.046 0.042 0.042 0.049 0.042

Vi2 0.022 0.024 0.023 0.022 0.021 0.023 0.023 0.021 0.022 0.021 0.021 0.024 0.020

V13 0.134 0106 0.130 0.120 0.113 0.131 0.110 0.124 0.128 0.122 0.119 0.120 0.140
Appendix B. Limit Supermatrix for Compatibility before Convergence of Dimensions

V1 V2 V3 V4 V5 Ve V7 V8 V9 V10 Vil Vi2 Vi3

V1l 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063

V2 0245 0245 0245 0.245 0245 0.245 0245 0.245 0245 0.245 0245 0.245 0.245

Wuhan V3 0.056 0.056 0.056 0.056 0.056 0.056 0.056 0.056 0.056 0.056 0.056 0.056 0.056

v4 0.117 0.117 o0.117 0.117 0.117 0.117 0.117 0.117 0.117 0.117 0.117 0.117 0.117

V5 0.078 0.078 0.078 0.078 0.078 0.078 0.078 0.078 0.078 0.078 0.078 0.078 0.078
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Appendix C.

Brief Description of Profiles of the Experts

Characteristics

%

Experts
(n=8)

Up to 5 years
Experience 5-10 years

More than 10 years

37.5
25
37.5

Urban resilience

. . Flood Management
Expertise in .
Environment,

health, and safety

W DLW N WB

25
37.5

25

Academician
Job position Urban planner
Municipal manag-

ers

37.5
25

37.5
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Appendix D. Questionnaire for Expert Consultation on Urban Flood Resilience Evalu-
ation Index

Dear Experts:

We are conducting a multidimensional evaluation study on the resilience of urban
flood in Wuhan, Nanjing, and Hefei. We sincerely invite you to be a consultant on the
subject of “Urban Flood Resilience Evaluation Index”. Please provide valuable opinions
and suggestions for the selection of the index system during your busy schedule. The re-
search group has selected the preliminary indicators through literature induction. The
main content of this expert consultation is to evaluate and score the primary indicators in
terms of importance.

The purpose of this research is to evaluate the resilience of urban floods, select the
three cities of Wuhan, Nanjing, and Hefei for empirical research, and analyze the selected
research areas based on the evaluation results and provide reasonable policy recommen-
dations.

If you reply within 10 days, we will be very grateful!

All the members of the research group.

2021 February 21

Directions for the Application Form:

1. The following is the indicator system initially determined in our research. Please rate
the importance of the indicators. Each item is divided into 5 levels according to the
importance. They are 5 = most important, 4 = very important, 3 = somewhat im-
portant, 2. = not important, 1 = least important. Please rate the relative importance of
the indicators and tick the corresponding [1.

If you think this indicator is not needed, you can mark “delete” in the edit column.

If you think the description of the indicator is incorrect, please modify it in the con-
tent modification column.

4. Additional indicators please fill in the blanks.

Primary Indica- Primary Indicators Content Mod- Significance
tors ification 5 4 3 21
The level of infrastructure investment gooon
Economic System Rescue capabilities oooono
Social security oooono
Natural Environ- Environmentally sensitive area oooono
ment Water resource protection oooono
Water distribution oooon
Government and The flood control plan oooono
Organization Rational spatial planning ooooo
Technological Ca- Weather Forecast Overview oooono
pability Flood resource recovery oooono
Built Environ- Spatial structure of land use oooono
ment Public resource level ooooo
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