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Abstract

Against the backdrop of global climate change and rapid urbanization, extreme rainstorm
events have become increasingly frequent, and urban—rural flood risk has continued to
intensify, rendering flood resilience an essential concern for sustainable urban and ru-
ral development. To address the serious homogenization of existing indicator systems,
the unclear associations among cross-dimensional factors, and the weakness of spatial-
differentiation research in current flood resilience evaluations, this study builds a flood
resilience evaluation indicator system for Zhejiang Province containing 18 indicators from
the “Engineering-Ecological-Management” (EEM) perspective, based on the “Driving-
Pressure-State-Impact-Response” (DPSIR) framework. A combined weighting method
integrating the entropy weight (EW) and the analytic hierarchy process (AHP) is used to
determine indicator weights, and the Technique for Order Preference by Similarity to an
Ideal Solution (TOPSIS) is applied to evaluate the Flood Resilience Index (FRI) of 11 cities
in Zhejiang Province from 2004 to 2024. The Barrier Degree Model (BDM) is adopted to
identify the critical obstacle factors affecting the improvement of flood resilience, and the
grey relational analysis (GRA) method is applied to analyze the correlation among engi-
neering, ecological and management factors. The results show that: (1) from 2004 to 2024,
the provincial average FRI of Zhejiang Province rose from 0.1657 to 0.5021, with a growth
rate of 203.09%, exhibiting an evolutionary pattern of “comprehensive improvement with
accelerated growth in the later stage”; (2) in 2024, the spatial pattern of FRI presents a
hierarchical agglomeration characteristic of “Fifth grade leading, Fourth grade contiguous,
and Third grade dispersed”: Hangzhou, Wenzhou, and Quzhou attain fifth grade flood
resilience, Zhoushan remains at third grade, and the other cities are at fourth grade. From
2004 to 2024, the inter-city FRI gap follows an inverted-V trajectory of “large-small-large”;
(3) The evolution of the key barrier factors is highly consistent with the different stages of
flood management in Zhejiang, having passed through three phases: bridging shortcom-
ings in engineering infrastructure, advancing “engineering and ecology” in tandem, and
widening engineering gaps superimposed with new barrier factors. The “maximum pump-
ing and drainage capacity of pumping stations and pipe networks” has consistently ranked
as the primary barrier factor; and (4) the pairwise correlations among the engineering,
ecological, and management dimensions are differentiated: the “engineering-management”
correlation is the highest (0.7957), the “engineering-ecological” correlation is intermediate
(0.7488), and the “ecological-management” correlation is the lowest (0.7051), indicating that
coordination between green infrastructure and the management system remains weak as
flood resilience improves. On this basis, this study proposes differentiated flood resilience
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improvement strategies for cities in Northern, Eastern, Southern, and Western Zhejiang
from the three aspects of engineering defense, ecological restoration, and management co-
ordination, providing decision-making support for the construction of flood-resilient cities.

Keywords: flood resilience evaluation; DPSIR model; cross-dimensional relationship;
dynamic evolution; climate change

1. Introduction

Against the backdrop of global climate change, extreme rainfall events occur with
increasing frequency. Rapid urbanization has further given rise to environmental problems
such as the shrinkage of ecological space, causing urban—rural flood risk to intensify contin-
uously. According to the 2025 China Flood and Drought Disaster Prevention Bulletin issued
by the Ministry of Water Resources of the People’s Republic of China, in 2025 the number of
flood disasters, the number of deaths and missing persons, and the direct economic losses
accounted for 76.59%, 78.73%, and 75.50%, respectively, of the corresponding totals of all
natural disasters nationwide in that year [1]. Flood disasters have seriously threatened
the lives and property of the public and the normal operation of cities, and have become a
major constraint on resilient urban development.

As the core of sustainable urban development, flood resilience has attracted increasing
attention [2-4]. Improving flood resilience is a systematic undertaking that encompasses
pre-disaster prevention, during-disaster response, and post-disaster recovery. This requires
urban and rural spaces to possess strong resistance, rapid response, and self-repair capacity
in the face of flood disasters [5-10]. Existing studies on flood resilience evaluation mostly
cover the dimensions of infrastructure, economic foundation, and social governance. For
example, infrastructure resilience reflects the engineering capacity to resist flood disas-
ters [11-13]; ecological resilience reflects the flood regulation and storage capacity [14,15];
economic resilience reflects the redundancy and flexibility of the urban—rural economy in
the face of floods [16,17]; and social resilience reflects the capacity of social organization and
coordination when cities and rural areas confront floods [18]. Core resilience capabilities
such as robustness, redundancy, resourcefulness, and rapidity have been proposed [18],
together with multi-dimensional flood resilience measurement indicators based on “infras-
tructure, ecological environment, economic vitality, social capital, institutional governance,
and community capacity” [19-22].

The “Driving-Pressure-State-Impact-Response” (DPSIR) model is an improvement
upon the “Pressure-State-Response” (PSR) model; it was first proposed by the Organisation
for Economic Co-operation and Development (OECD) in 1993 [23,24]. In 1994, the United
Nations Environment Programme (UNEP) began to apply it to multiple fields such as water
resources management, marine protection, and climate change. In 1999, the European Envi-
ronment Agency (EEA) formally adopted the DPSIR model and promoted its application in
environmental assessments across European countries [25]. The DPSIR model reveals the
interactions among human beings, society, economy, resources, and the environment, and,
as a core tool for studying disaster formation mechanisms, assessing system resilience, and
optimizing response strategies, has been widely applied [26]. For instance, Lewison et al.
applied the DPSIR model to identify drivers and pressures in coastal domains [27]; Lin et al.
employed it to analyze the spatiotemporal changes in the ecological structure and functions
of coastal wetlands [28]; Zhang et al. used the DPSIR model to conduct a comprehensive
ecological risk assessment of the Guangxi region under different decision-making risks [29];
Sobhani et al. applied it to evaluate the ecological security of protected areas [30]; Chen
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et al. used it to reveal the ecological civilization construction index across 30 provinces of
China [31]; Cui et al. conducted an ecological security assessment of the Yangtze River
Delta urban agglomeration in China based on the DPSIR model [32]; Wang et al. combined
the DPSIR model to predict changes in regional water environmental carrying capacity
from 2020 to 2030 [33]; Jiao et al. investigated the dynamic evolution of provincial-level
resilience in China based on the DPSIR model [34]; Li et al. established an ecological
security evaluation indicator system for the Hai River basin based on the DPSIR model [35];
Wang et al. evaluated the resilience of the water supply system in Zhengzhou based on
the DPSIR framework [36]; Fang et al. applied the DPSIR model to study transportation
resilience under extreme flood scenarios [37]; and Yuan et al. constructed an evaluation
system for urban pluvial flood defense capacity based on the DPSIR model [38].

Nevertheless, existing flood resilience evaluation studies still suffer from important
limitations. First, the evaluation indicators are seriously homogenized: on the one hand,
evaluation factors are redundant; on the other hand, the natural geographical characteristics
of specific regions and local flood management measures are not adequately reflected in
the evaluation factors. Second, the analysis of barrier factors affecting flood resilience
mostly remains at the level of single-indicator barrier-degree calculation and fails to reveal
the cross-dimensional relationship among factors of “engineering-ecology-management”.
Third, the differentiated analysis of the spatial pattern of flood resilience is weak, and
associations of key elements behind flood resilience have not been deeply examined.

Based on the above considerations, this study addresses three research questions:
(1) How can the homogenization limitation of existing indicator systems be overcome,
and an “Engineering-Ecological-Management” flood resilience evaluation indicator system
that fits local characteristics be constructed? (2) How can the association patterns of key
elements shaping the spatial pattern of flood resilience be revealed, the cross-dimensional
relationships among factors of “engineering-ecology-governance” affecting the achieve-
ment of flood resilience be clarified, and the dynamic evolution of key factors at different
development stages be explored? (3) How can tailored, differentiated flood resilience im-
provement paths be proposed on the basis of the current status and regional characteristics
of urban flood resilience?

Based on the DPSIR framework and taking Zhejiang Province as the study area,
this study investigates the spatiotemporal evolution of flood resilience in Zhejiang
Province, with the following main objectives: (1) to construct an “Engineering-Ecological-
Management” (EEM) flood resilience evaluation indicator system tailored to local charac-
teristics; (2) to examine the spatiotemporal evolution of flood resilience across 11 cities in
Zhejiang Province, China, from 2004 to 2024; (3) to reveal the key factors affecting flood
resilience improvement and their hierarchical association by combining the BDM with
GRA; and (4) to propose differentiated flood resilience improvement countermeasures
for different regions. The results offer a referable evaluation framework and governance
paradigm for understanding the evolution of flood resilience and the association of barrier
factors from the EEM perspective, and provide scientific support and typical cases for flood
resilience evaluation, carrying important theoretical and practical significance.

2. Study Area, Framework, and Methods
2.1. Study Area

The study area comprises 11 cities under the jurisdiction of Zhejiang Province, China:
Hangzhou, Ningbo, Wenzhou, Jiaxing, Huzhou, Shaoxing, Jinhua, Quzhou, Zhoushan,
Taizhou, and Lishui, with a total area of 105,500 km? and a permanent resident pop-
ulation of 66.70 million at the end of 2024; the gross domestic product (GDP) reached
9.0131 trillion yuan.
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Zhejiang Province is located on the southeastern coast of China, on the southern wing
of the Yangtze River Delta, bordering the East China Sea to the east. Its total coastline
is 6715 km (including island shorelines), of which the mainland coastline is 2200 km. It
adjoins Fujian to the south, Jiangxi and Anhui to the west, and Shanghai and Jiangsu to the
north. Its terrain is characterized by “seven parts mountain, one part water, and two parts
farmland”. The provincial average annual rainfall is about 1500 mm, with an annual total
precipitation of 160-170 billion m3; precipitation is unevenly distributed in time and space.
The annual rainfall in Southern Zhejiang can reach 1800-2200 mm, while that in Northern
Zhejiang is about 1200-1400 mm (Figure 1).
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Figure 1. Study area.

Over the past two decades, affected by typhoons and extreme rainfall, major flood
events have occurred frequently in Zhejiang Province. In 2015, Typhoon Chan-hom made
landfall, and 69 counties (cities and districts), including Zhoushan, Ningbo, Shaoxing, and
Taizhou, experienced urban waterlogging; the rain-gauge rainfall in Yuyao, Xiangshan,
and Shangyu exceeded 200 mm, with severe ponding in urban and rural areas. In 2019,
Typhoon Lekima made landfall; most of the main urban area of Linhai was submerged, and
Ximen Station on the Lingjiang River recorded a historically high flood level of 10.98 m;
severe urban waterlogging also occurred in Ningbo, Wenzhou, and many other places. In
August 2020, Typhoon Hagupit made landfall, and parts of Wenzhou and Taizhou suffered
severe waterlogging, with roads inundated and houses damaged. In September 2025,
Cangnan, Pingyang, Longgang, and Ruian in Wenzhou experienced an extremely heavy
rainstorm, triggering severe waterlogging, road blockage, inundated houses, and flooding
of underground garages. On 12 July 2026, Typhoon Bavi made landfall in Yuhuan, Taizhou,
causing widespread heavy rain in central and southern Zhejiang, damaging power lines
in many parts of Taizhou and Wenzhou, and producing urban-rural waterlogging. On
18 August, Typhoon Dolphin made landfall in Yueqing, Taizhou, with a provincial areal
rainfall of 215 mm; heavy rain and flooding were prominent in Ningbo, Zhoushan, and
Wenzhou. On 28 August, Typhoon Saddle made landfall in Yuhuan, Taizhou, bringing
coastal gales and heavy rain, with repeated ponding in many areas.

As an economically developed province on the southeastern coast of China and a high-
frequency flood-prone region, Zhejiang Province serves as a typical and representative
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case for flood resilience research. In terms of natural endowment, Zhejiang lies in the
subtropical monsoon climate zone, where the superposition of plum rain season and the
typhoon season gives rise to frequent extreme rainfall, rapid runoff concentration, and
insufficient flood regulation and storage space. In terms of socio-economic conditions, the
urbanization rate of Zhejiang Province has reached 73.4%; given its highly concentrated
population, the economic losses and social impacts of flood disasters are particularly
pronounced. In terms of flood management practice, over the past two decades, Zhejiang
has intensively built a backbone water network and implemented such distinctive measures
as the “Anlan Seawall Thousand-Billion Project”, “city-wide sponge city construction” and
“beautiful river and lake initiative”, thereby forming a flood management system with

regional characteristics.

2.2. Research Framework

Based on the research questions and objectives, the research framework of this study
is shown in Figure 2.
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Figure 2. Research framework.

Step 1: Based on the DPSIR framework and from the EEM perspective, construct
a DPSIR-based flood resilience evaluation indicator system for Zhejiang Province, and
standardize the raw data.

Step 2: Adopt a combined weighting method that integrates the entropy weight
(EW) and the analytic hierarchy process (AHP) to determine the combined weight of each
evaluation indicator: the EW mines objective weights based on the dispersion of indicator
data, while the AHP obtains subjective weights based on the judgment of domain experts;
a robustness index is used to determine the importance of objective and subjective weights
in the combined weight.
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Step 3: Apply the Technique for Order Preference by Similarity to an Ideal Solution
(TOPSIS) to evaluate the Flood Resilience Index (FRI) of 11 cities in Zhejiang Province
for five key years from 2004 to 2024, portraying the flood resilience level of each city in
each year.

Step 4: Analyze the flood resilience evolution of the 11 cities from both temporal and
spatial dimensions: in the temporal dimension, examine the evolution trend of the FRI of
each city in different periods from 2004 to 2024; in the spatial dimension, reveal the spatial
differentiation characteristics of the FRI and identify the spatial agglomeration pattern of
high-value and low-value FRI areas.

Step 5: Introduce the barrier degree model (BDM) to identify and rank the key barrier
factors restricting flood resilience improvement for each city in different years, quantifying
the blocking effect of each indicator on flood resilience; and adopt the gray relational
analysis (GRA) method to reveal the correlation intensity among the engineering, ecological,
and management dimensional indicators in each year.

Step 6: Based on the causes of spatial differentiation and the diagnosis of barrier
factors, propose targeted flood resilience improvement strategies for cities in Northern,
Eastern, Southern, and Western Zhejiang from the three dimensions of engineering defense,
ecological restoration, and management coordination, and distill the main conclusions of
this study, so as to provide decision-making support for flood disaster management and
resilient city construction.

2.3. Research Methods
2.3.1. Construction of a DPSIR-Based Flood Resilience Evaluation Indicator System for
Zhejiang Province from the EEM Perspective

This study systematically searched the English literature published from 2000 to
2025 in the Web of Science (WoS) database. The search strategy was set as: TS = (flood
resilience OR rainstorm waterlogging resilience OR urban resilience OR resilient city OR
coastal city flood resilience) AND TS = (evaluation indicator system OR index system
OR comprehensive evaluation model OR evaluation framework), yielding 191 relevant
English papers. Meanwhile, Chinese literature published in the same period was searched
in the China National Knowledge Infrastructure (CNKI) database, using the Chinese search
formula SU = (flood resilience OR stormwater resilience OR urban resilience OR coastal
resilience OR resilient city) AND SU = (evaluation indicator system OR comprehensive
evaluation OR evaluation model), which initially yielded 205 Chinese core papers.

The retrieved Chinese and English literature was further screened. In the first stage,
titles and abstracts were comprehensively screened to exclude studies unrelated to flood
resilience evaluation indicator systems; in the second stage, full-text review was conducted
to retain studies with complete indicator systems, high citation influence, and strong
regional representativeness.

Through the above two stages, 78 high-quality papers were selected, from which
widely recognized flood resilience evaluation indicators were extracted. On this basis,
following the principles of independence and data availability, and combining the engi-
neering, ecological, and management characteristics of Zhejiang Province with local water
governance features, a DPSIR-based [39,40] flood resilience evaluation indicator system
for Zhejiang Province from the EEM perspective was further constructed, containing 18 in-
dicators in total, namely 6 indicators for the engineering dimension, 6 for the ecological
dimension, and 6 for the management dimension (Table 1, Figure 3), so as to ensure the
scientificity and regional adaptability of the indicator system.
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Table 1. DPSIR-based flood resilience evaluation indicator system for Zhejiang Province from the

EEM perspective.

Factor

Connotation

Evaluation Indicator

No. j

EEM
Dimension

Indicator
Type

Unit

Driving (D)

Socio-economic
development and
rapid urbanization as
drivers of flood risk

D1 Permanent resident
population density

Management

Negative

persons/ km?2

D2 Proportion of impervious
area to total area

Engineering

Negative

Y%

Pressure (P)

Climate change as
pressure on flood risk

P1 Annual frequency of heavy
precipitation events (>50
mm/h)

Ecological

Negative

times/year

P2 Annual number of storm
surges exceeding the warning
tide level

Ecological

Negative

times/year

State (S)

Carrying state of
rainstorm and flood
risk

S1 Proportion of green space
to total area

Ecological

Positive

%

52 Regulation and storage
volume of blue-green space

Ecological

Positive

100 million m3

S3 Compliance rate of river
and seawall flood control
standards

Engineering

Positive

Y%

54 Compliance rate of
drainage pipe network design
standards

Engineering

Positive

Y%

S5 Density of flood disaster
shelters

Engineering

Positive

units/km?

Impact (I)

Impacts of flood
disasters on
urban-rural systems

I1 Proportion of the
population affected by floods
in the current year to total
population

10

Management

Negative

Y%

12 Proportion of the area
inundated by floods to total
area

11

Ecological

Negative

km

13 Proportion of direct
economic losses caused by
floods to current-year GDP

12

Management

Negative

%

14 Post-disaster recovery time

13

Management

Negative

days

Response (R)

Various interventions
to mitigate flood risk

R1 Proportion of cumulative
restored blue-green space to
total area

14

Ecological

Positive

Y%

R2 Proportion of built sponge
city area to total area

15

Engineering

Positive

0/0

R3 Maximum pumping and
drainage capacity of pumping
stations and pipe networks

16

Engineering

Positive

10° m3/h

R4 Establishment rate of the
cross-departmental flood
control and drainage linkage
mechanism

17

Management

Positive

%

R5 Proportion of special flood
control and drainage
expenditure to total fiscal
expenditure

18

Management

Positive

%

The indicator type “positive” in Table 1 indicates that a larger indicator value denotes

stronger flood resilience, whereas “negative” indicates that a smaller indicator value de-

notes stronger flood resilience. The rationale for selecting the above indicators is as follows.
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(1) Driving factor (D)

The permanent resident population density of Zhejiang Province ranks among the
highest nationwide, and its GDP ranks fourth nationally. A high population density
implies higher exposure and vulnerability under the same flood event. The proportion
of impervious surface is a product of rapid urbanization and affects rainwater infiltration
capacity and surface runoff peaks. This study selects permanent resident population
density (D1) and the proportion of impervious surface to total area (D2) as the driving
force factors.

(2) Pressure factor (P)

Socio-economic development and rapid urbanization, superimposed on extreme cli-
mate change, further increase flood risk and amplify the losses caused by flood disasters.
Zhejiang has a concentrated Meiyu period, and heavy precipitation events and storm surges
exceeding the warning tide level are the main external pressures triggering urban waterlog-
ging in the province. This study selects the annual frequency of heavy precipitation events
(P1) and the annual number of storm surges exceeding the warning tide level (P2) as the
pressure factors.

(3) State factor (S)

The state factors include the proportion of green space to total area (S1), the regulation
and storage volume of blue-green space (52), the compliance rate of flood control standards
for rivers and seawalls (S3), the compliance rate of design standards for drainage pipe
networks (S4), and the density of flood disaster shelters (S5). S1 and S2 reflect the ecosystem
capacity to absorb floods. S3, S4, and S5 reflect, from the engineering dimension, the defense
capacity of major embankments, the drainage standards of municipal infrastructure, and
the layout of emergency shelters.

(4) Impact factor (I)

The impact factors include the proportion of the population affected by floods in the
current year to the total population (I1), the proportion of the area inundated by floods to
the total area (I12), the proportion of direct economic losses caused by floods to the GDP of
that year (I3), and the post-disaster recovery time (I4).

(5) Response factor (R)

The response factors include the proportion of cumulative restored blue-green space
to total area (R1), the proportion of built sponge city area to total area (R2), the maximum
pumping and drainage capacity of pumping stations and pipe networks (R3), the estab-
lishment rate of the cross-departmental flood control and drainage linkage mechanism
(R4), and the proportion of special flood control and drainage expenditure to total fiscal
expenditure (R5).

2.3.2. Determination of Indicator Weights

Scientifically determining indicator weights is a prerequisite for ensuring the reliability
of flood resilience evaluation results. The entropy weight method relies on data dispersion
and tends to overlook expert experience, whereas the analytic hierarchy process (AHP)
relies on the subjective judgment of experts and is prone to bias.
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Figure 3. DPSIR framework.

To overcome the inherent limitations of these two single weighting methods, this study
adopts the EW-AHP combined weighting method, balancing objectivity and subjectivity.
The steps are as follows.

1. Calculation of objective weights based on the EW
a. Data standardization

To eliminate the effects of inconsistent indicator dimensions, magnitude gaps, and
differences between positive and negative attributes on the scientificity of evaluation, this
study adopts the min—-max extremum standardization method to normalize the raw data
series of all indicators, thereby converting all indicators into dimensionless standard values
within the range [0, 1].

For positive indicators, Equation (1) is applied for standardization:

k

x5 — X

k ij J,min
zh= 1 (1)
Xjmax — Xjmin
For negative indicators, Equation (2) is used for standardization:

k
X max — X5
k Jmax ij

Xjmax — Xjmin
where x denotes the raw value of the j-th evaluation indicator for the i-th evaluated

city in the k-th year; Zk denotes its standardized value; X; .y = m]?x {max( 5)] and

X min = Igmn [mm( ; ])} denote, respectively, the maximum and minimum values of the

j-th evaluation indicator across all evaluated cities and all evaluated years. i=1,2,...,n
indexes the evaluated cities of Hangzhou, Ningbo, Wenzhou, Taizhou, Jinhua, Huzhou,
Jiaxing, Lishui, Quzhou, Shaoxing, Zhoushan (n = 11 in this study). j =1, 2, ..., 18 denotes
the evaluation indicators D1, D2, P1, P2, S1, S2, S3, S4, S5, 11, 12, 13, 14, R1, R2, R3, R4, and
R5, where m is the number of evaluation indicators (m = 18 in this paper). k=1,2, ..., ¢
denotes the evaluated years 2004, 2009, 2014, 2019, and 2024, where t is the number of
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evaluated years (t = 5 in this study). The definitions of i, j, k, n, m, and t apply throughout
this paper, and the same convention is used below.

b. Calculation of indicator information entropy

Based on the above dimensionless standardized values, the characteristic proportion
of each evaluation indicator is calculated.

For the j-th indicator, the standardized values of all cities and all years are summed as
the denominator; the characteristic proportion pg. of the j-th indicator for the i-th city in the
k-th year is calculated as follows.

Step 1: Calculate the characteristic proportion of the indicator

k
Pl = e ©)
! 1 [Tk (Z5+¢)]

where pg. is the characteristic proportion of the j-th indicator for the i-th city in the k-th
year; e denotes a small positive constant (set to 10~ in this paper), introduced to avoid an
undefined value when the standardized value Zf‘j is 0.

Step 2: Calculate the indicator information entropy

The information entropy of the j-th indicator is:

Zt: (phin(pk)] )

] M:

8]':

where ¢; € [0, 1] denotes the information entropy of the j-th evaluation indicator, and pl]
denotes the characteristic proportion of the j-th evaluation indicator for the i-th city in the
k-th year; n is the total number of evaluated cities (n = 11 in this study); and ¢ is the total
number of evaluated years (t = 5 in this study). The smaller the entropy value, the greater
the information content of the indicator and the higher its final weight.

c.  Calculation of indicator objective weights

Based on the information entropy, the objective weight is calculated.

1-— 6]‘ (5)
Wopi | = =
obj,j Z}”: 11— ej
where wg;; denotes the objective weight of the j-th evaluation indicator, with
wepj; € [0, 1] and 2}”21 wepj,j = 1; ¢j denotes the information entropy of the j-th indica-
tor; and m is the total number of evaluatlon indicators (m = 18 in this study).

2. Calculation of subjective weights based on the AHP
a. Construction of the judgment matrix

Experts in the fields of urban and rural planning, landscape architecture, hydrology
and water resources management, emergency management, and hydraulic engineering
were invited. The pairwise comparison judgment matrix A’ independently constructed by
the experts is:

Al = (axy)mxm
X,y €j (6)
i=12,...hj=12,...,m

where Axy denotes the relative importance score of the x-th indicator compared with the
y-th indicator. This study adopts the 1-5 scaling method to evaluate the relative importance
of the flood resilience evaluation indicators (“1/5” denotes that the x-th indicator is “very
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unimportant” relative to the y-th; “1/3” denotes “rather unimportant”; “1” denotes “equally
important”; “3” denotes “rather important”; and “5” denotes “very important”). ay, =1,
axy = 1/ayy; h is the number of experts; and m is the total number of evaluation indicators
(m = 18 in this study).

The selection criteria for experts in this study were: holding a deputy senior or above
professional technical title, having more than 10 years of scientific research or engineering
practice experience in the relevant field, and being familiar with the actual flood control
and waterlogging management situation of Zhejiang Province. The experts’ professional
backgrounds cover the above five disciplinary directions, including 4 university researchers
and 3 senior engineers from planning and design and water conservancy management
departments, totaling 7 experts.

b. Calculation of the subjective weights of indicators

The arithmetic mean method is used to solve the judgment matrices A’ of the &
experts to obtain the group-decision judgment matrix A* = %Z?:l Af (h =7 in this study).
MATLAB R2023b is used to solve the maximum eigenvalue Ay of the matrix A" and
its corresponding eigenvector X = (x1, x2, x3, ..., xm)T. After further normalizing X, the
subjective weight of the j-th evaluation indicator is obtained:

i

(7)

Wsub,j = T

j X
where wg,;; denotes the subjective weight of the j-th evaluation indicator, with
Wsyp,j € [0,1] and Z}-":l Wsyp,j = 1; xj is the j-th component of the eigenvector corresponding
to the maximum eigenvalue A,y of the matrix A"; and m is the total number of evaluation
indicators (m = 18 in this study).

c.  Consistency test of the group-decision matrix A"

To verify the consistency of the expert scoring results and the aggregated group-
decision matrix A*, the maximum eigenvalue Ay, of the matrix A" is calculated, and a
standard consistency test is conducted based on the consistency index (CI) and the random
consistency index (RI). The calculation formula is as follows.

Amax — M
Cl=—— 8
p— (8)
where Ay is the maximum eigenvalue of the matrix A"; and m is the total number of
evaluation indicators (m = 18 in this study).

The consistency ratio (CR) is further calculated to judge the final consistency level of

the matrix:

CI
- = ©)

where RI denotes the random consistency index, obtained through Monte Carlo simula-

CR

tion: a large number of random positive reciprocal matrices of the same order based on
the 1-5 scale are generated, the mean of their maximum eigenvalues is taken, and then
calculated according to Equation (8). This value is introduced to eliminate the influence of
matrix dimension on the accuracy of consistency evaluation.

If the consistency ratio (CR) < 0.1, the judgment matrix is considered to have satis-
factory consistency and passes the test; otherwise, the expert scoring results need to be
iteratively revised and adjusted until the criterion CR < 0.1 is met.
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3. Calculation of the combined weights of indicators

The subjective weights based on the AHP and the objective weights based on the EW
each have advantages; the combined weight in this study is calculated as follows.

w] =0k wob]‘,]‘ + ‘B * wsuh,j (10)

where w; denotes the combined weight of the j-th indicator; wy;; denotes the objective
weight of the j-th indicator obtained by the entropy weight method; wg,;,; denotes the
subjective weight of the j-th indicator obtained by the AHP; « denotes the importance share
of the objective weight in the combined weight; and  denotes the importance share of the
subjective weight in the combined weight.

Different values of a and f affect the level of the FRI; therefore, this study uses a
robustness index to finally determine the importance ratio of objective and subjective
weights (see Section 2.3.4 for details).

2.3.3. Calculation of the Flood Resilience Index Based on TOPSIS

This study constructs the Flood Resilience Index (FRI). TOPSIS is used to quantitatively
evaluate the flood resilience level of each city in Zhejiang Province in different study years
(2004, 2009, 2014, 2019, and 2024), and to analyze its spatiotemporal evolution trend.

The calculation steps of the FRI based on TOPSIS are as follows.

1. Construct the standardized evaluation matrix for the k-th year

Based on the standardized indicators ij obtained from Equations (1) and (2), the

standardized evaluation matrix Z* for the k-th year is constructed:

[ 7k k k7
Z5 e le v ZK
k k k k
7" = Zil ces Zij . Zim (11)
k k k
_an e an e an_

where Z£ is the standardized evaluation matrix for the k-th year; Zl’.‘j is the standardized
value of the j-th indicator for the i-th evaluated city in the k-th year; n is the number of
evaluated cities (1 = 11 in this study); and m is the total number of evaluation indicators
(m =18 in this study).

2. Construct the weighted standardized evaluation matrix for the k-th year

The combined weight w; obtained from Equation (10) is integrated into the standard-
ized evaluation matrix Z¥ to construct the weighted standardized evaluation matrix V¥ for
the k-th year:

v/k k k
vE Vlj e VE
k k k k
vE= vk ... Vi], e VE )
_V;i(1 .. V]f], .. V;fm_
k _ k
Vi = wiZ;;

where VF is the weighted standardized evaluation matrix for the k-th year; Vlé‘ is the
weighted standardized value of the j-th indicator for the i-th city in the k-th year; w; is the
combined weight of the j-th indicator.
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3. Determine the global positive and negative ideal solutions

To establish the FRI with a unified benchmark, this study constructs a global positive
ideal solution (PIS) and a global negative ideal solution (NIS). The global PIS consists of
the maximum value of each indicator across all evaluated cities and all evaluated years,
and the global NIS consists of the minimum value of each indicator across all evaluated
cities and all evaluated years. The construction process of the global PIS is as follows.

V+ = (Vl+/ V2+/' o /Vm+)

13
vﬁszx[mgx(vg)],lgign,lgkgt {13)
1

where V* is the global PIS; and V]-Jr denotes the maximum value of the j-th indicator across
all t evaluated years and n evaluated cities (t = 5, n = 11 in this study).
Correspondingly, the construction process of the global NIS is as follows.

Vo = (Vl_/ VZ_I' o er_)

v :mkin[min(\/i;?)},l <i<ml<k<t

1

(14)

where V™ is the global NIS; and V;~ denotes the minimum value of the j-th indicator across
all t evaluated years and n evaluated cities (t = 5, n = 11 in this study).

4. Calculate the weighted Euclidean distance of the i-th evaluated city in the k-th year to
the global ideal solutions

Euclidean distance is adopted to quantify the relative closeness of the flood resilience
level of the i-th city in the k-th year to the global PIS and NIS; the calculation formula is
as follows.

Dk+ — g (Vk _ V,+)2
1
. (15)
D= |yv. (vk - vj—)

where DfJ’ is the Euclidean distance from the i-th evaluated city in the k-th year to the
global PIS; D;‘_ is the Euclidean distance from the i-th evaluated city in the k-th year to the
global NIS; Vl;‘ is the weighted standardized value of the j-th indicator for the i-th city in the
k-th year; and V;* denotes the maximum value of the j-th indicator across all ¢ evaluated
years and n evaluated cities (t = 5, n = 11 in this study).

5. Calculate the Flood Resilience Index (FRI)

Based on the Euclidean distance calculation results, the FRI of the i-th city in the k-th
year FRI;‘ is constructed:

FRIF= ——1 (16)

where FRIf is the FRI of the i-th evaluated city in the k-th year; Df+ is the Euclidean
distance to the global PIS; and D;‘_ is the Euclidean distance to the global NIS. A larger
FRI¥ indicates that the FRI of the i-th evaluated city in the k-th year is closer to the global
PIS and farther from the global NIS, reflecting a higher flood resilience level.

6. Classification of FRI grades

The FRI grading in this study is a relative concept. The Jenks natural breaks method is
used to objectively cluster the sample distribution characteristics of FRI? of all t years and
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n cities, and the FRI values are divided from high to low into five grades. The FRI break
thresholds corresponding to each grade are shown in Table 2.

Table 2. FRI grading criteria based on the Jenks natural breaks method.

Flood Resilience Grade FRIi.‘ Interval Expression
Fifth grade FRI < FRI¥ < FRImax
Fourth grade FRI3 < FRI¥ < FRI,
Third grade FRI, < FRIF < FRI;
Second grade FRI; < FRI¥ < FRI,
First grade FRIpin < FRIF < FRI}

The minimum value FRI,;, among all ¢ years and 7 cities is taken as the lower bound,
and the 1st, 2nd, 3rd, and 4th natural breaks of FRI{, FRI,, FRI3, FRI4 are determined in
turn, with the maximum value FRInax among all t years and # cities as the upper bound.

2.3.4. Effect of Different Objective-Subjective Weight Importance Ratios on the FRI

The indicator weight perturbation method is adopted to analyze the influence of
objective and subjective weights on the FRI. The steps are as follows.

a. Construct multiple scenarios with different objective—subjective weight importance
ratios

Multiple scenarios are set for the objective and subjective weight importance ratios in
Equation (10), as shown in Table 3.

Table 3. Scenarios of objective and subjective weight importance ratios.

Scenario S Objective Weight Proportion « Subjective Weight Proportion
1 20% 80%
2 30% 70%
3 40% 60%
4 50% 50%
5 60% 40%
6 70% 30%
7 80% 20%

b. Calculate the FRI under different combined scenarios in turn

According to Equations (11)-(16), the FRI of the i-th evaluated city in the k-th year
under scenario S FRI’S‘J« is calculated.
c. Calculate the robustness index under different combined scenarios

To quantify the stability of flood resilience evaluation results under different combined
scenarios, a robustness index is constructed as the discriminant indicator. The calculation
formula is as follows.

1
Vit ( i1 ’FRIIS(J‘ — FRI

Robusts = 17)

)

where Robust, is the robustness index under scenario s; FRI’S‘J- is the FRI of the i-th evaluated

city in the k-th year under scenario s; FRI¥ is the mean FRI of all cities in the k-th year under
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scenario s; 1 is the number of evaluated cities (n = 11 in this study); and ¢ is the number of
evaluated years (t = 5 in this study).

A larger index value Robust; indicates a lower spatial dispersion of the FRI evaluation
results under that scenario, and a better robustness of the scheme.

d. Determination of the objective—subjective weight importance ratio

The scenario corresponding to the maximum robustness index is selected to determine
the importance ratio of objective and subjective weights to the combined weight in this
study. The FRI and robustness index under different objective—subjective weight ratio
scenarios are detailed in Supplementary Material S4. This study finally selects an objective
weight & = 80% and a subjective weight g = 20%.

2.3.5. Identification of Key Barrier Factors for Flood Resilience Improvement (BDM)

Based on the flood resilience evaluation indicator system constructed in Table 1, the
standardized values Zf-‘-, and the combined weights w;, the barrier degree model (BDM) is
adopted to analyze the key barriers restricting the flood resilience improvement of each
city in Zhejiang Province in different years. The calculation is as follows.

K ijff.
Ol] — m X 1000/0
kjfl 15 . (18)
Dij =1- Zi].

where OZ. denotes the barrier degree of the j-th flood resilience evaluation indicator for the
i-th evaluated city in the k-th year; a larger barrier degree indicates that the factor imposes
a greater constraint on flood resilience; w; is the combined weight of the j-th indicator; Df.‘].
denotes the indicator deviation degree, representing the gap between the j-th indicator
for the i-th evaluated city in the k-th year and its ideal optimal state (value = 1); foj is the
standardized value of the j-th indicator for the i-th evaluated city in the k-th year; and m is
the total number of evaluation indicators (m = 18 in this study). Since Equations (1) and (2)
have already uniformly transformed all indicators into “the larger the value, the higher
the flood resilience”, the deviation degree Df; is defined Dg =1- Zf.‘]. uniformly for all
indicators here, without further distinguishing between positive and negative indicators.

2.3.6. Multi-Dimensional Interaction Analysis of “Engineering—Ecological-Management”

Table 1 divides the 18 flood resilience indicators into three dimensions: engineering,
ecology, and management. To further examine the coupling among the multi-dimensional
factors of “engineering-ecology-management”, the grey relational degree (GRD) analysis
method, which is applicable to short time series and small samples, is adopted to measure
the correlation strength among the dimensional indicators from 2004 to 2024.

First, according to indicator attributes, all 18 indicators are divided into the engi-
neering dimension group (Group A), the ecological dimension group (Group B), and the
management dimension group (Group C), where A = {Zf‘j, j€{2,7,8,9,15,16}}, ie., the
elements of Group A consist of indicators belonging to the engineering dimension; B = {le.‘]-,
j€1{3,4,5,6,11, 14}}, i.e., the elements of Group B consist of indicators belonging to the
ecological dimension; and C = {Zf.‘]-, j€{1,10,12,13, 17, 18}}, i.e., the elements of Group
C consist of indicators belonging to the management dimension. Herej=1,2, ..., 18 is
the indicator number, corresponding, respectively, to the indicators D1, D2, P1, P2, 51, S2,
S3,54,S5,11, 12,13, 14, R1, R2, R3, R4, and R5in Table 1;i =1, 2, . . ., n is the evaluated city
number (n = 11 in this study); and k =1, 2, .. ., t is the evaluated year number, representing
2004, 2009, 2014, 2019, and 2024 (t = 5 in this study).
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To calculate the correlation among different dimensions, first the integrated sequence
values of each dimension are constructed:

A=yl (Zi'c,z + Zly o+ Zhg + ZE + Zfys + Zfyg)
Bf =yl (Zi'(,3 28y 2+ ZE + 2y + Zfyy) (19)
ck= Z}il (Zi‘c,l + Zl'ilO + Zf‘c,u + Zf‘(,13 + Z5‘<,17 + Z11'<,18)
where Ak, Bk, and Ck represent the total indicator values of the engineering, ecological, and
management dimensions in the k-th year, respectively; k=1, 2, .., t denotes the evaluated
years 2004, 2009, 2014, 2019, and 2024; and ¢ is the total number of evaluated years (f =5 in
this study).
Second, the grey relational degree among different dimensions is calculated:

a. Engineering—ecology correlation 7y 4p

L PR SR

min

AB= 7 L
AP AR - B A "
AﬁllB}’l = minlgkgt‘Ak — Bk‘ ( )
Aﬁfx = maxlgkgt‘Ak — Bk‘
b. Ecology—management correlation ypc
YBC = 1 i ArB;En + E'A%x
S [BF - CF 1 LAl
. 21
A'ggn = mlnlgkgt‘Bk - Ck‘ ( )
ABC = maxlgkgt‘Bk — Ck‘
c¢. Engineering-management correlation yac
YAC = ! i A%’ S
te=1 [AF = CF| + 0 AfGx
. 22
Aﬁgl = mlﬂlgkgt‘Ak - Ck ( )
D = maxlﬁkét‘Ak - Ck‘

( is the distinguishing coefficient, set to the classical universal value of 0.5 in this study.
t is the total number of evaluated years (t = 5 in this study).

2.4. Data Sources

According to the indicators in Table 1, the data sources required for this study are
shown in Table 4.

Table 4. Data sources and processing methods.

Indicator Data Source Data Calculation Method Missing Value Handling Unit

D1 Permanent resident Zhejiang Stat1§ tl.c al Perma}nent resident Linear interpolation for missing 2

. ) Yearbook; statistical population/Total urban persons/km

population density . years
yearbooks of each city area
. Interpretation of Landsat . L.mear interpolation using
D2 Proportion of . Impervious surface adjacent-date remote sensing

. . TM/OLI satellite remote . K . o
impervious area to total sensing imagery (30 m x area/Total urban area x imagery; years without imagery %o

area & sery 100% estimated from the annual change

30 m resolution) rate of construction land area
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Table 4. Cont.
Indicator Data Source Data Calculation Method Missing Value Handling Unit
Hourly precipitation Invers.e cl.lstance w?lghtmg (IDW)
: s spatial interpolation of nearby
P1 Annual frequency of observations from ground Count of precipitation . : .
o o - ; . . stations; station gaps estimated .
heavy precipitation events  meteorological stations of  events with hourly rainfall ; . . times/year
- L s from the regression relationship
(>50 mm/h) Zhejiang Provincial >50 mm within a year -
; between annual rainfall and heavy
Meteorological Bureau L
precipitation frequency
Tide station data of the
Zhejiang Marine Number of times the . . . .
: S Linear interpolation; missing years
Economic Monitoring and measured water level at .
P2 Annual number of . . : replaced by data from adjacent
. Early-Warning Center and coastal tide stations . . . .
storm surges exceeding . . coastal tide stations and verified times/year
o the marine environment exceeded the local .
the warning tide level o o . against the number of typhoon
monitoring and warning tide level in that
. landfalls
forecasting centers of year
coastal cities
Interpretation of Landsat Area of (forest land + L.mear interpolation using
. - grassland + cropland + adjacent-date remote sensing
S1 Proportion of green TM/OLI satellite remote . . o
urban park green imagery; years without data o

space to total area

sensing imagery (30 m x
30 m resolution)

space)/Total urban area x
100%

estimated from the land use
transfer matrix

52 Regulation and storage
volume of blue-green
space

Zhejiang Water Resources
Bulletin; Zhejiang wetland
survey bulletins; soil
survey data

Reservoir capacity +
adjustable storage capacity
of lakes and wetlands +
channel storage volume of
river networks + soil
water storage capacity of
non-construction land

Linear interpolation; missing years
estimated as the product of
blue-green space area and the
comprehensive per-unit-area
storage coefficient

100 million m?

S3 Compliance rate of

Zhejiang Provincial
Department of Water
Resources; annual reports

Length of river (sea)
embankments reaching
the design flood (tide)

Linear interpolation; missing years
use the most recent compliance

. . ) i o
river and seawall flood of embankment project control standard / Total inspection data, with incremental o
control standards . - correction based on the annual
management of city water length of river (sea) leneth of reinforcement works
bureaus embankments x 100% &
Annual reports of Length .Of pipe neh./vorks
.. . o meeting the design . . S
. municipal public facility . Linear interpolation; estimated
54 Compliance rate of . . drainage standard (more
) : construction of each city; from the annual growth rate of o
drainage pipe network . . than 1-year return . : %o
: comprehensive drainage . . total drainage pipe network length
design standards . period)/Total drainage : -
and waterlogging - and the compliance proportion
revention nlans pipe network length x
p P 100%
Statistical records of
emergency shelters of each ~ Number of qualified flood
city emergency emergency shelters built
S5 Pen51ty of flood n}anagement bureau; (including temporary Linear interpolation units/km?
disaster shelters primary and secondary venues such as schools
schools and rural cultural and public cultural
halls available for halls)/Total urban area
temporary shelter
Statistical annual reports
of flood and drought
I1 Proportion of the dlsaste.r' prevention 9f the Estimated from a regression model
. Zhejiang Provincial Flood-affected . .
population affected by - of inundated area and population  persons per 10,000
. Department of Water population/Permanent i . .
floods in the current year . . . density; years without disaster persons
. Resources; post-disaster resident population i
to total population e ) records set to “0” and flagged
verification reports of city
emergency management
bureaus
Sentinel-1 SAR remote . Estimated from the regression
. ) . Annual cumulative . .
12 Proportion of the area sensing disaster . relationship between heavy
. o . inundated area caused by e o
inundated by floods to monitoring; disaster precipitation event frequency and %o

total area

reporting data of city
water bureaus

flood /Total urban area x
100%

inundated area; or replaced by the
mean of adjacent years
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Table 4. Cont.

Indicator

Data Source Data Calculation Method Missing Value Handling Unit

I3 Proportion of direct
economic losses caused by
floods to current-year
GDP

Flood and drought
disaster statistics of the
Zhejiang Provincial
Department of Water
Resources; disaster
verification data of city
emergency management
bureaus; GDP data from
city statistical yearbooks

Direct economic losses
caused by floods
(current-year
prices)/Current-year
urban gross domestic
product (GDP) x 100%

Estimated from a regression model
of inundated area and o
. . %o
per-unit-area asset density; years
without disasters set to “0”

14 Post-disaster recovery
time

Estimated from a multiple
regression on disaster severity
(affected population, direct
economic loss); or the mean of
adjacent years

Number of days from the
flood disaster date to the
basic return to normal
production and life in the
affected area

Post-disaster recovery
assessment reports of city
emergency management

bureaus

days

R1 Proportion of
cumulative restored
blue-green space to total
area

Cumulative completed
blue-green space
ecological restoration area
(including wetland
restoration, riverbank
rehabilitation, mine
re-greening, etc.)/Total
urban area x 100%

Ecological restoration
statistics of city natural
resources and planning

bureaus; forestry and

water conservancy
bureaus’ afforestation and
wetland restoration project
records

Linear interpolation; cumulative
value estimated from the o
completion rate of annual °
ecological restoration plans

R2 Proportion of built
sponge city area to total
area

Linear interpolation; cumulative

value estimated from the annual o

sponge city construction plan and ?
urban target progress

Sponge city construction
records of city housing
and urban-rural
development bureaus

Cumulative built sponge
city compliant area/Total
urban area x 100%

R3 Maximum pumping
and drainage capacity of
pumping stations and
pipe networks

Linear interpolation; total
pumping capacity estimated from
the annual new (renovated)
pumping station plan and the
average design flow of a single
pump

Pumping station
registration records and
design documents of city
water bureaus (municipal
public utility management
centers)

Sum of the rated design
pumping and drainage
flow of flood control and
drainage pumping
stations

10° m3/h

R4 Establishment rate of
the cross-departmental
flood control and drainage
linkage mechanism

Cumulative number of
districts/counties that
have established a
cross-department
(emergency + water
resources + methodology +
natural resources +

Joint documents of city

emergency management

bureaus, water bureaus,
and meteorological

Linear interpolation; estimated

from the release dates of policy o
Yo

documents and the progress of

bureaus; revised flood X L
emergency plans; hous.mg & institutional reform
government work reports construction),/ Total
number of

districts/counties in the
city x 100%

R5 Proportion of special
flood control and drainage
expenditure to total fiscal

expenditure

Special fiscal expenditure

on flood control and

Linear interpolation; estimated

City fiscal yearbooks; drainage (including water from the annual growth rate of
public final accounts project construction, flood  fiscal expenditure and the trend of %
reports emergency, etc.)/General water conservancy investment

share

public budget expenditure
of the city x 100%

Note: In this study, the spatial resolution of the Landsat TM/OLI imagery is 30 m x 30 m, and the
spatial resolution of the Sentinel-1 SAR imagery is 10 m; the radiometric calibration, atmospheric cor-
rection, image registration, land use interpretation, spatial resolution unification, and spatial analysis
of all remote sensing imagery were completed on the ENVI 5.6 and ArcGIS 10.8 software platforms.

3. Results

Using the DPSIR-based flood resilience evaluation indicator system for Zhejiang
Province from the EEM perspective (Table 1), through data standardization, weight calcula-
tion, global PIS and NIS solution, and FRI calculation, the flood resilience of the 11 cities
in Zhejiang Province was evaluated, covering five study years: 2004, 2009, 2014, 2019,
and 2024. The raw data collection process of this study is detailed in Supplementary
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Material 51, the objective weight calculation process based on the entropy weight method
in Supplementary Material S2, the subjective weight calculation process based on the
AHP in Supplementary Material S3, and the FRI and robustness index under different
objective—subjective weight ratio scenarios in Supplementary Material S4.

Table 5 presents the FRI evaluation results for the 11 cities in Zhejiang Province;
Figure 3 shows the FRI grade distribution of the 11 cities; and Figure 4 shows the FRI
evolution curves of the 11 cities.
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Figure 4. Spatiotemporal evolution of the FRI grade distribution of the 11 cities in Zhejiang Province
(2004-2024): (a) 2004; (b) 2009; (c) 2014; (d) 2019; (e) 2024. Note: According to the data in Table 5 and
the Jenks natural breaks method in Table 2, the 1st natural break FRI; in this study is 0.2087; the 2nd
FRI; is 0.2818, the 3rd FRI3 is 0.3850, and the 4th FRI, is 0.5241. The FRI range of 1st grade flood
resilience is [0.1220, 0.2087], 2nd grade is (0.2087, 0.2818], 3rd grade is (0.2818, 0.3850], 4th grade is
(0.3850, 0.5241], and 5th grade is (0.5241, 0.6779].
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Table 5. FRI of the 11 cities in Zhejiang Province.
Cumulative Rank of
Region City 2004 2009 2014 2019 Hﬁgi‘i] FRII{S;O)" th gﬁ’f‘é’:ﬁ&‘t’ﬁ
(2004-2024) Rate

Hangzhou 0.1777 0.2356 0.3024 0.4113 0.6126 [2] 24474 4
Northern Jiaxing 0.1220 0.1881 0.2782 03270 04957 [5] 306.31 1
Zhejiang Huzhou 0.1906 0.2173 0.2666 0.3274 0.4626 [7] 142.71 9
Shaoxing 0.1598 0.1986 0.2754 0.3264 0.4845 [6] 203.19 6
Ningbo 0.1321 0.1938 0.2794 0.3594 0.5241 [4] 296.74 2
;ﬁ;ﬁﬁg Zhoushan 01287  0.1692 0.2469 02756  0.3850[11] 199.15 7
Taizhou 0.1249 0.1661 0.2353 0.3013 0.4626 [7] 270.38 3
Southern Lishui 0.1992 0.2197 0.2634 03100  0.4194[10] 110.54 11
Zhejiang Wenzhou 0.1697 0.2087 0.2805 0.3701 0.5538 [3] 226.34 5
Western Quzhou 0.2300 0.2525 0.2818 0.3313 0.6779 [1] 194.74 8
Zhejiang Jinhua 0.1876 0.2148 0.2614 0.3279 0.4450 [9] 137.21 10
Provincial average 0.1657 0.2059 0.2701 0.3334 0.5021 203.09 —

3.1. Spatial Differentiation Characteristics of Flood Resilience

In 2024, the spatial differentiation of flood resilience in Zhejiang Province presents
a hierarchical pattern of “fifth grade leading, fourth grade contiguous, and third grade
dispersed”, with significant regional agglomeration characteristics. As shown in Figure 4e,
there are three fifth-grade flood resilience cities in 2024, namely Hangzhou (0.6126), Wen-
zhou (0.5538), and Quzhou (0.6779), leading the Northern, Southern, and Western Zhejiang
sub-regions, respectively. The fifth-grade flood resilience cities either benefit from advan-
tages such as a complete flood control engineering system, a solid economic foundation,
and outstanding emergency management capabilities, or possess favorable natural eco-
logical conditions. There are seven fourth grade flood resilience cities, including Ningbo
(0.5241), Jiaxing (0.4957), Shaoxing (0.4845), Taizhou (0.4626), Huzhou (0.4626), Jinhua
(0.4450), and Lishui (0.4194), distributed contiguously in the Northern Zhejiang Plain, the
Eastern Zhejiang coast, and the central Zhejiang hilly areas. Among them, the average
FRI of Northern Zhejiang (Hangzhou, Jiaxing, Huzhou, Shaoxing) in 2024 reached 0.5139,
higher than the provincial average (0.5021). Only Zhoushan (0.3850) remains a third-grade
flood resilience city; constrained by island geographical conditions, limited flood stor-
age space, and inadequate coverage of engineering facilities, its FRI is only 56.8% of the
provincial maximum (Quzhou, 0.6779).

The flood resilience growth rate exhibits the characteristic of “coastal plains growing
faster than mountainous and island areas, with central cities leading the growth”. As
shown in Figure 5, in Northern Zhejiang (Figure 5a), Hangzhou consistently takes the
lead, and the FRI growth rates of Jiaxing, Huzhou, and Shaoxing are close to each other; in
Eastern Zhejiang (Figure 5b), after 2019 Ningbo gradually widened its gap with Zhoushan
and Taizhou, while Zhoushan, constrained by geographical conditions, has a relatively low
and gently growing FRI; in Southern Zhejiang (Figure 5c), the FRI gap between Lishui and
Wenzhou continued to widen, with Wenzhou reaching an FRI of 0.5538 in 2024, whereas
Lishui was only 0.4194; in Western Zhejiang (Figure 5d), the FRI growth rates of Quzhou
and Jinhua were close from 2004 to 2019, but after 2019 Quzhou’s FRI rose rapidly, reaching
0.6779 in 2024 and becoming the provincial maximum.
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Figure 5. Interannual FRI evolution curves of Zhejiang Province: (a) Northern Zhejiang (Hangzhou,
Jiaxing, Huzhou, Shaoxing); (b) Eastern Zhejiang (Ningbo, Zhoushan, Taizhou); (c) Southern Zhejiang
(Wenzhou, Lishui); (d) Western Zhejiang (Jinhua, Quzhou).

3.2. Overall Evolution Characteristics of Flood Resilience

In terms of temporal differentiation, flood resilience across different cities in Zhejiang
Province exhibits an evolutionary characteristic of “overall grade leapfrogging”. In 2004,
among the 11 cities, 10 were at Level 1 flood resilience, with only Quzhou at Level 2; in
2014, Hangzhou took the lead in entering Level 3, while the other 10 cities remained at
Level 2; in 2019, Hangzhou took the lead in entering fourth grade flood resilience, the other
9 cities reached third grade, and Zhoushan remained at second grade; by 2024, three cities,
Hangzhou, Wenzhou, and Quzhou, reached fifth grade flood resilience, seven cities were
at fourth grade, and only Zhoushan remained at third grade.

In addition, owing to the different intensities of waterlogging measures among cities,
the FRI gap among cities presents an inverted-V pattern of “from small to large and then to
small”, while the overall grade leaps upward. In 2004, more than 90% of the cities in the
province were at a relatively low FRI level (first grade), and the provincial FRI minimum
(Jiaxing, 0.1220) was 53.0% of the maximum (Quzhou, 0.2300). In 2014, the provincial FRI
minimum (Taizhou, 0.2353) was 77.8% of the provincial maximum (Hangzhou, 0.3024).
In 2024, the ratio of the provincial FRI minimum (Zhoushan, 0.3850) to the provincial
maximum (Quzhou, 0.6779) again fell to 56.8%.

3.3. Stage Characteristics of Flood Resilience

From 2004 to 2024, the provincial average FRI exhibited a “sustained increase” char-
acteristic, achieving a leapfrog development from “dominated by first grade” in 2004 to
“dominated by fourth and fifth grade” in 2024. As shown in Table 5, the provincial average
FRI rose from 0.1657 in 2004 to 0.5021 in 2024, a growth rate of 203.09%. Specifically, the
growth rate was 24.26% from 2004 to 2009, with most cities at first grade flood resilience;
31.18% from 2009 to 2014, when the province entered a rapid improvement stage and
10 cities rose from first grade to second grade; 23.44% from 2014 to 2019, with 9 cities
reaching third grade and Hangzhou taking the lead in entering fourth grade; and 50.60%
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from 2019 to 2024, the fastest-improving of the four stages, with Hangzhou, Wenzhou, and
Quzhou at fifth grade.

In terms of the FRI growth rate from 2004 to 2024 (Table 5), Jiaxing ranks first with
306.31%, followed closely by Ningbo (296.74%) and Taizhou (270.38%). Mainly affected
by terrain constraints and resource limitations, Lishui (110.54%), Jinhua (137.21%), and
Huzhou (142.71%) have relatively low FRI growth rates.

3.4. Flood Resilience Under Different Objective and Subjective Weight Importance Ratios Scenarios

To test the sensitivity of flood resilience evaluation results to the objective—subjective
weight ratio, this study further computes the FRI of the 11 cities in Zhejiang Province for
2004, 2009, 2014, 2019, and 2024 under the seven weight-ratio scenarios presented in Table 3
of Section 2.3.4, and conducts a cross-scenario robustness test from two dimensions: city
ranking and spatial pattern. The FRI values under different objective—subjective weight
ratio scenarios are detailed in Supplementary Material S4.

In terms of city ranking, taking 2024 as an example (Table 6), the Spearman rank
correlation coefficients of the FRI rankings of the 11 cities across the seven scenarios range
from 0.891 to 1.000, with a mean of 0.966. The rank correlation between Scenario 1 and
Scenario 7—which exhibit the largest weight difference—still reaches 0.891, indicating that
the relative positions of cities remain largely consistent under different weight settings. At
the individual-city level, Quzhou consistently ranks first across all scenarios, Hangzhou,
Wenzhou, and Ningbo steadily occupy the second, third, and fourth positions, respectively,
and Zhoushan remains at the bottom (11th); the head and tail of the ranking are entirely
unaffected by the weight ratio. Among the middle-ranked cities, Jiaxing rises from 9th in
Scenario 1 to 5th in Scenario 7 (a maximum rank shift of four positions), Lishui falls from
8th to 10th, while the rank shifts of Huzhou, Shaoxing, Taizhou, and Jinhua do not exceed
two positions. Moreover, these fluctuations occur only within adjacent tiers and do not
alter the flood resilience grade tier to which each city belongs.

Table 6. FRI and relative rankings of cities in Zhejiang Province under the seven scenarios in 2024.

Scenario 4

Regi Cit Scenario 1 Scenario 2 Scenario 3 2024 Scenario 5 Scenario 6 Scenario 7

eglon 1y 2024 [Rank] 2024 [Rank] 2024 [Rank] [Rank] 2024 [Rank] 2024 [Rank] 2024 [Rank]
Hangzhou 0.6371 [2] 0.6314 2] 0.6263 [2] 0.6219 [2] 0.6182 [2] 0.6151 [2] 0.6126 [2]
Northern Jiaxing 0.5408 [9] 0.5328 [7] 0.5247 [6] 05167 [5] 0.5091 [5] 0.5021 [5] 0.4957 [5]
Zhejiang Huzhou 0.5511 [6] 0.5338 [6] 05172 [7] 0.5015 [7] 0.4872 [7] 0.4742 [7] 0.4626 [7]
Shaoxing 0.5578 [5] 0.5435 [5] 0.5297 [5] 05167 [5] 0.5047 [6] 0.4940 [6] 0.4845 [6]
Ningbo 0.5710 [4] 0.5606 [4] 0.5511 [4] 0.5427 [4] 0.5354 [4] 0.5293 [4] 0.5241 [4]

;ﬁ:}i‘;ﬁg Zhoushan 04717 [11] 0.4566 [11] 0.4413 [11] 0.4261 [11] 04115 [11] 03977 [11] 0.3850 [11]
Taizhou 0.5452 [7] 0.5283 [8] 0.5124 [8] 0.4977 [8] 0.4844 [8] 0.4727 [8] 0.4626 [8]

Southern Lishui 0.5424 [8] 0.5172 [10] 0.4936 [10] 0.4719 [10] 0.4523 [10] 0.4348 [10] 0.4194 [10]
Zhejiang Wenzhou 0.6271 [3] 0.6108 [3] 0.5960 [3] 0.5829 [3] 0.5716 [3] 05619 [3] 0.5538 [3]
Western Quzhou 0.7388 [1] 0.7261 [1] 0.7143 [1] 0.7035 [1] 0.6938 [1] 0.6853 [1] 0.6779 [1]
Zhejiang Jinhua 0.5386 [10] 0.5205 [9] 0.5030 [9] 0.4865 [9] 0.4712 [9] 0.4573 [9] 0.4450 [9]

In terms of spatial pattern, a comparison of the FRI spatial patterns across the seven
scenarios and five years (Table 7) reveals that high-value areas are consistently concentrated
in Quzhou in Western Zhejiang, the Hangzhou Bay Rim area centered on Hangzhou, and
the Wenzhou region in Southern Zhejiang, whereas low-value areas persist in Zhoushan
and some mountainous cities in southwestern Zhejiang. The overall spatial pattern—
characterized by a gradient from southwest to northeast and a decline outward from
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high-value centers over time—as well as the temporal trend of a steady year-on-year rise
in provincial resilience, remain stable across all weight scenarios; no reversal of high- and
low-value areas or spatial displacement attributable to weight adjustment is observed.

Neither city rankings nor the temporal evolution of the FRI spatial pattern under-
goes substantive change under the seven weight assumptions. In summary, this study
concludes that the research findings are insensitive to the specific ratio of objective to
subjective weights, and that the results exhibit good robustness within a reasonable range
of weight settings.

Table 7. Spatial pattern of FRI in Zhejiang Province across seven scenarios and five years.

Scenario S

2004

2009 2014 2019 2024
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4. Discussion
4.1. Remarkable Achievements in Flood Management

The FRI of the 11 cities in Zhejiang Province shows a trend of comprehensive im-
provement, which benefits from the province’s sustained efforts in flood management.
In terms of engineering facilities, a provincial water network has been built, forming a
“three-vertical, eight-horizontal, ten-pivot” water network pattern; major flood control and
drainage projects have been advanced, the Anlan Seawall Project has been implemented,
and large facilities such as the Hangzhou Sanbao drainage pumping station and the up-
stream west-diversion project in Yuyao have been completed, markedly enhancing regional
drainage capacity. Drainage pipe networks have been upgraded and city-wide sponge
city construction promoted; rainwater pipe networks have been continuously newly built
and renovated, pipe network desilting carried out, river regulation projects implemented,
rainwater outlets cleared, and illegal structures encroaching on rivers and lakes demolished,
s0 as to restore the natural morphology and flood conveyance capacity of watercourses.
In terms of ecological restoration, blue-green space restoration and dedicated sponge city
construction have been continuously advanced, and the ecological regulation and storage
capacity has steadily improved. In terms of management coordination, multi-departmental
collaboration among water resources, emergency management, and meteorological ser-
vices has been strengthened, the share of special flood management funds in total fiscal
expenditure has been raised, and the post-disaster recovery period has been shortened.
Digital-enabled governance tools have been optimized, an integrated space-ground-water-
engineering monitoring and sensing system has been established, and the capabilities of
forecasting, early-warning, rehearsal, and pre-planning have been enhanced.

4.2. Evolution of Flood Resilience Barrier Factors

Over the 20 years from 2004 to 2024, Zhejiang Province has achieved remarkable
results in flood resilience construction, but there remains a clear gap from the requirements
of highly flood-resilient cities. For example, the provincial average FRI in 2024 was 0.5021,
and even the top three cities by FRI, Quzhou (0.6779), Hangzhou (0.6126), and Wenzhou
(0.5538), did not exceed 0.7. Faced with future flood risk, there is an urgent need to identify
the key elements restricting flood resilience and to propose targeted waterlogging measures.

Applying the principle of “identification of key barrier factors for flood resilience
improvement” in Section 2.3.5, Table 8 presents the top five key barrier factors and their
corresponding average barrier degree values of.‘]. for each year. The identification of flood
resilience barrier factors is provided in Supplementary Material S5.

As can be seen from Table 8, “R3 maximum pumping and drainage capacity of
pumping stations and pipe networks” ranks first in all five observed years, and its barrier
degree has continued to climb: it rose from 21.6599% in 2004 to 38.1408% in 2024, a barrier-
degree growth rate of 76.1% over the two decades. This indicates that, with accelerated
urbanization and increasing extreme precipitation events, the insufficient pumping and
drainage capacity of pumping stations and pipe networks has consistently been the core
shortage restricting the improvement of flood resilience in Zhejiang Province.

“R2 proportion of built sponge city area to total area” exhibits an inverted-V char-
acteristic of “first rising and then falling”: its barrier degree was 19.7386% in 2004, rose
to 21.9430% in 2009, peaked at 24.0334% in 2014, then gradually declined to 21.4015% in
2019 and further to 16.0829% in 2024, dropping out of the top two. This trajectory is highly
consistent with the advancement of sponge city construction in Zhejiang: around 2014,
sponge city construction was in its initial and critical phase, and insufficient built area
became a prominent barrier; as cities expanded and facilities were implemented, sponge
city coverage gradually increased, and the barrier degree accordingly declined.
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Table 8. Key barrier factors of provincial flood resilience in each year.
Year Key Barrier Factor oifi (%)
R3 Maximum pumping and drainage capacity of pumping stations and pipe networks 21.6599
R2 Proportion of built sponge city area to total area 19.7386
2004 R1 Proportion of cumulative restored blue-green space to total area 9.8678
R4 Establishment rate of cross-departmental flood control and drainage linkage mechanism 6.7109
S5 Density of flood disaster shelters 7.0622
R3 Maximum pumping and drainage capacity of pumping stations and pipe networks 23.8838
R2 Proportion of built sponge city area to total area 21.9430
2009 R1 Proportion of cumulative restored blue-green space to total area 9.8610
R4 Establishment rate of cross-departmental flood control and drainage linkage mechanism 7.0396
S5 Density of flood disaster shelters 6.1862
R3 Maximum pumping and drainage capacity of pumping stations and pipe networks 27.0292
R2 Proportion of built sponge city area to total area 24.0334
2014 R1 Proportion of cumulative restored blue-green space to total area 9.3692
R4 Establishment rate of cross-departmental flood control and drainage linkage mechanism 7.0205
S5 Density of flood disaster shelters 5.3564
R3 Maximum pumping and drainage capacity of pumping stations and pipe networks 29.8043
R2 Proportion of built sponge city area to total area 21.4015
2019 R1 Proportion of cumulative restored blue-green space to total area 7.1938
S5 Density of flood disaster shelters 6.7648
P1 Annual frequency of heavy precipitation events (>50 mm/h) 6.2462
R3 Maximum pumping and drainage capacity of pumping stations and pipe networks 38.1408
R2 Proportion of built sponge city area to total area 16.0829
2024 S5 Density of flood disaster shelters 9.2724
52 Regulation and storage volume of blue-green space 7.1681
R1 Proportion of cumulative restored blue-green space to total area 4.6814

The barrier degree of “R1 proportion of cumulative restored blue-green space to total
area” shows a continuous downward trend, decreasing from 9.8678% in 2004 to 4.6814% in
2024, a decline of 52.6%, and its ranking among key barrier factors dropped from third in
2004 to fifth in 2024, reflecting that the ecological restoration of blue-green space in Zhejiang
has been continuously advanced and its achievements are gradually emerging.

Management-type barrier factors present complex and variable characteristics. “R4
establishment rate of the cross-departmental flood control and drainage linkage mech-
anism” ranked fourth among the key barrier factors from 2004 to 2014, with its barrier
degree maintained between 6.71% and 7.04%, and dropped out of the top five in 2019,
indicating that the cross-departmental coordination mechanism was gradually improved in
the middle period. However, “S5 density of flood disaster shelters” rose to a barrier degree
of 9.2724% in 2024, jumping to third place and becoming a new shortcoming, reflecting
that, as flood risk intensifies, the number and layout of existing shelters can no longer meet
emergency needs.

After 2019, new changes appeared in the composition of key barrier factors: in 2019,
“P1 annual frequency of heavy precipitation events (>50 mm/h)” entered the top five for
the first time (barrier degree 6.2462%). In 2024, “S2: regulation and storage volume of
blue-green space” entered the top five for the first time (barrier degree 7.1681), indicating
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that, under climate change, intensifying extreme precipitation risk and insufficient blue-
green space storage capacity are becoming new challenges facing the improvement of flood
resilience in Zhejiang Province.

Combining the above evolutionary characteristics, the evolution of flood resilience
barrier factors in Zhejiang Province from 2004 to 2024 can be divided into three stages:

(1) From 2004 to 2014, the province was in the stage of making up for shortcomings
in engineering infrastructure: “R3 maximum pumping and drainage capacity of
pumping stations and pipe networks” “R2 proportion of built sponge city area to
total area” (since sponge cities had not yet been implemented in this stage, the Flood
Resilience Index of all cities in Zhejiang was relatively low), and “R1 proportion of
cumulative restored blue-green space to total area” constituted the top three barrier
factors, with engineering-and ecology-type key barrier factors together accounting for
more than 70%;

(2) From 2014 to 2019, the province was in the stage of synergistically advancing “engi-
neering and ecology”: the barrier degree of “R2 proportion of built sponge city area to
total area” began to decline, “R4 establishment rate of the cross-departmental flood
control and drainage linkage mechanism” dropped out of the top five, and “P1 annual
frequency of heavy precipitation events (=50 mm/h)” entered the top five, so that the
composition of key barrier factors began to diversify;

(3) From 2019 to 2024, the province entered the stage of expanding engineering gaps
superimposed with new barrier factors: “R3 maximum pumping and drainage capac-
ity of pumping stations and pipe networks” rose to 38.1408%, and management-
and ecology-type barrier factors such as “S5 density of flood disaster shelters”
and “S2 regulation and storage volume of blue-green space” became prominent,
leaving flood resilience confronted with a situation of multi-dimensional barrier
factors superimposed.

4.3. Multi-Dimensional Correlation Analysis of “Engineering—Ecological-Management”

The formation and evolution of flood resilience in Zhejiang Province is the result of
the interaction and dynamic coupling of the engineering, ecological, and management
dimensions. Applying the multi-dimensional grey relational degree (GRD) analysis of
“engineering-ecology-management” in Section 2.3.6, the relationship curves between each
dimension and the observed years are shown in Figure 6 and Table 9, and the correlation
degrees among the dimensions from 2004 to 2024 are shown in Table 10. The correlation
analysis among the engineering, ecological, and management dimensions is detailed in
Supplementary Material S5.

60
50
40
30
20

10
2004 2009 2014 2019 2024

=8~ Engineering =®- Ecological <~ Management

Figure 6. “Engineering—-Ecological-Management” relationship curves, 2004—2024.
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Table 9. Integrated sequence values of different dimensions.
Period Value
Al (2004) 12.5456
AZ (2009) 16.1815
Engineering A3 (2014) 21.0087
A* (2019) 27.6144
AP (2024) 37.8437
B! (2004) 24.9397
B2 (2009) 33.1760
Ecological B3 (2014) 41.1227
B* (2019) 33.7058
B® (2024) 45.8833
C! (2004) 23.2397
CZ (2009) 30.8947
Management C3 (2014) 41.5410
C* (2019) 48.9906
C® (2024) 54.3956
Table 10. Correlation degrees among dimensional indicators, 2004-2024.

Associated Dimensions Correlation Degree Correlation Strength
Engineering—Ecology YAB 0.7488
Ecology-Management YBC 0.7051

Engineering-Management YAC 0.7957

4.3.1. Engineering—Ecology Correlation

The correlation degree between the engineering and ecological dimensions of flood
resilience indicators is 0.7488, of medium intensity among the three correlations, reflect-
ing that gray infrastructure and green ecological spaces are functionally complementary
and advance in parallel in flood management. From 2004 to 2024, while advancing the
upgrading of drainage pipe networks and the Seawall Anlan project and other engineer-
ing construction, Zhejiang continuously carried out blue-green space restoration, river
regulation, and sponge city construction; the engineering and ecological measures ex-
panded simultaneously, so the overall correlation remained at a high level. Engineering
facilities undertake the core functions of rapid pumping and drainage and risk defense,
while ecological spaces play the role of flood detention and peak attenuation; the two are
advanced in parallel at the planning and construction level, jointly forming the spatial
system of flood defense. At present, the connection between drainage pipe networks and
blue-green space is insufficient, and the scale expansion of ecological space has not been
effectively transformed into efficiency gains of the engineering defense system, so there
remains considerable room for improving their integration.

It is worth noting that the decline of the integrated sequence value of the ecological
dimension flood resilience indicators from 2014 to 2019 compared with 2009 to 2014 was
not a failure of ecological governance, but rather a temporal mismatch in which “disaster
pressure rose first while blue-green restoration paid off later”. On the one hand, this
period coincided with a strong El Nifio event (2015-2016) and the intensive impact of
super typhoons, and the frequency of short-duration heavy precipitation (>50 mm/h) in
Zhejiang increased significantly; the number of rainstorm days in 2019 was the largest in the
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corresponding period since 1961, and typhoons such as Lekima and Mitag also made the
number of storm surges exceeding the warning tide level above normal. On the other hand,
Zhejiang was still in the middle and late stages of rapid urbanization, with construction
land continuing to expand into plain river networks and wetlands; river channel filling,
canalization, and poldering weakened hydrological connectivity, whereas the “Five-Water
Governance” was only fully launched in 2014 and sponge cities only entered national pilot
programs in 2016, so ecological river restoration, returning polders to lakes, and wetland
restoration were still under construction, and the policy dividend of cumulative blue-green
restoration area had not yet been fully released. The concentration of deterioration on the
pressure side and insufficient increments on the buffering side ultimately caused a phased
decline in the integrated sequence value of the ecological dimension during this period;
this trend rebounded after 2020 with the city-wide advancement of sponge cities and the
implementation of the water security “14th Five-Year Plan”.

4.3.2. Ecology—Management Correlation

From 2004 to 2024, the correlation degree between the ecological and management
dimensions of flood resilience indicators is 0.7051, the lowest among the three correlations,
indicating that the coordination between ecological restoration and management mech-
anisms still has considerable room for improvement. The flood regulation and storage
effectiveness of ecological measures such as blue-green space restoration and sponge city
construction depends not only on the scale of ecological space but more on the supporting
management mechanisms such as cross-departmental coordinated management, spatial
planning coordination, and regulation and storage volume dispatch. It is necessary, through
improving management mechanisms, to incorporate the regulation and storage volume of
blue-green space and the flood conveyance function into the city-wide flood management
system, so as to realize the transformation of ecological restoration from “quantitative
expansion” to “qualitative improvement”.

4.3.3. Engineering-Management Correlation

From 2004 to 2024, the engineering—management correlation of flood resilience is
0.7957, the highest among the three pairs, reflecting the core characteristic that engineer-
ing facilities and management institutions are highly coupled in the flood management
system. The flood defense effectiveness of pumping stations, embankments, and drainage
pipe networks depends heavily on the support of management mechanisms such as flood
dispatch, cross-departmental linkage, and emergency response; conversely, the implemen-
tation and operation of management mechanisms take the engineering system as their
carrier, forming a collaborative relationship of “hardware construction-institutional safe-
guard”. With the deepening of digital water conservancy and digital flood management,
the integrated space-ground-water-engineering monitoring and sensing system has been
gradually established, and the “forecast, early-warning, rehearsal, and pre-planning” capa-
bilities have been continuously enhanced; the coordination between engineering facilities
and management dispatch is further strengthened, and their correlation is shifting from a
“scale-expansion type” toward an “efficiency-collaboration type”.

4.4. Differentiated Flood Resilience Improvement Strategies

Based on the spatiotemporal evolution characteristics of flood resilience in Zhejiang
Province (Table 5, Figures 4 and 5), the diagnosis of key barrier factors from 2004 to 2024
(Table 8), the correlation among dimensional indicators (Table 10), and the analysis of key
barrier degrees for each city in 2024 (Table 11), this study further divides the 11 cities of
Zhejiang into four types—Northern Zhejiang, Eastern Zhejiang, Southern Zhejiang, and
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Western Zhejiang cities—according to geographical location, and proposes differentiated

and targeted improvement strategies.

Table 11. Key barrier factors of flood resilience for each city in Zhejiang Province in 2024.

Region City Key Barrier Factor ol.‘]. (%)
R3 Maximum pumping and drainage capacity of pumping stations and pipe networks 49.5808
S5 Density of flood disaster shelters 13.6684

Hangzhou D2 Proportion of impervious area to total area 7.2656

S1 Proportion of green space to total area 6.5894

P2 Annual number of storm surges exceeding the warning tide level 5.9774
R3 Maximum pumping and drainage capacity of pumping stations and pipe networks 40.5688
R2 Proportion of built sponge city area to total area 14.6799
Jiaxing 52 Regulation and storage volume of blue-green space 10.2023

D2 Proportion of impervious area to total area 6.3436

Northern S1 Proportion of green space to total area 5.9912
Zhejiang R3 Maximum pumping and drainage capacity of pumping stations and pipe networks 41.1031
R2 Proportion of built sponge city area to total area 16.5445

Huzhou S5 Density of flood disaster shelters 8.7261

52 Regulation and storage volume of blue-green space 8.2431

R1 Proportion of cumulative restored blue-green space to total area 6.5233

R3 Maximum pumping and drainage capacity of pumping stations and pipe networks 39.5904

R2 Proportion of built sponge city area to total area 15.8485

Shaoxing  S2 Regulation and storage volume of blue-green space 8.8946

S5 Density of flood disaster shelters 8.4089

D2 Proportion of impervious area to total area 4.2153

R3 Maximum pumping and drainage capacity of pumping stations and pipe networks 50.7335

S2 Regulation and storage volume of blue-green space 9.3554

Ningbo S5 Density of flood disaster shelters 8.1760

D2 Proportion of impervious area to total area 5.4645

R2 Proportion of built sponge city area to total area 5.1567

R3 Maximum pumping and drainage capacity of pumping stations and pipe networks 34.8130

R2 Proportion of built sponge city area to total area 21.1773

ZE}?eSjtiirIEg Zhoushan  S2 Regulation and storage volume of blue-green space 10.3540
R1 Proportion of cumulative restored blue-green space to total area 8.5729

P2 Annual number of storm surges exceeding the warning tide level 6.3518

R3 Maximum pumping and drainage capacity of pumping stations and pipe networks 37.7012

R2 Proportion of built sponge city area to total area 15.7229

Taizhou S5 Density of flood disaster shelters 9.2354

S2 Regulation and storage volume of blue-green space 6.0220

R1 Proportion of cumulative restored blue-green space to total area 4.0804
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Table 11. Cont.

Region City Key Barrier Factor 01.‘]. (%)
R3 Maximum pumping and drainage capacity of pumping stations and pipe networks 39.9426

R2 Proportion of built sponge city area to total area 22.1517

Lishui S5 Density of flood disaster shelters 11.7940

R5 Proportion of special flood control and drainage expenditure to total fiscal expenditure 4.9679

Southern S2 Regulation and storage volume of blue-green space 4.5608
Zhejiang R3 Maximum pumping and drainage capacity of pumping stations and pipe networks 46.9452
S5 Density of flood disaster shelters 11.1925

Wenzhou  R2 Proportion of built sponge city area to total area 10.3001

P2 Annual number of storm surges exceeding the warning tide level 5.0063

D2 Proportion of impervious area to total area 4.1058

R2 Proportion of built sponge city area to total area 37.2132

S5 Density of flood disaster shelters 18.2652

Quzhou R1 Proportion of cumulative restored blue-green space to total area 13.2033

R5 Proportion of special flood control and drainage expenditure to total fiscal expenditure 7.9644

Western R4 Establishment rate of cross-departmental flood control and drainage linkage mechanism 4.4467
Zhejiang R3 Maximum pumping and drainage capacity of pumping stations and pipe networks 38.5700
R2 Proportion of built sponge city area to total area 18.1167

Jinhua S5 Density of flood disaster shelters 9.8467

S2 Regulation and storage volume of blue-green space 8.4108

R1 Proportion of cumulative restored blue-green space to total area 5.4829

4.4.1. Northern Zhejiang Cities: Hangzhou, Shaoxing, Jiaxing, and Huzhou

The four Northern Zhejiang cities of Hangzhou, Shaoxing, Jiaxing, and Huzhou are
located in the Hangzhou-Jiaxing—Huzhou Plain and the Ningbo-Shaoxing Plain, with
dense river networks and a developed economy. In 2024, the average FRI of the four cities
reached 0.5139, higher than the provincial average (0.5021). Among them, Hangzhou had
an FRI of 0.6126, entering Level-5 flood resilience, while Jiaxing (0.4957), Shaoxing (0.4845),
and Huzhou (0.4626) were all at Level 4. From 2004 to 2024, the FRI growth rate of Jiaxing
was 306.31%, ranking first in the province; Hangzhou 244.74%, Shaoxing 203.19%, and
Huzhou 142.71%. Figure 5a shows that the FRI growth rate of the four cities generally
increased after 2019.

According to the 2024 key barrier factor diagnosis in Table 8, the four Northern
Zhejiang cities present the following characteristics:

(1) “R3 maximum pumping and drainage capacity of pumping stations and pipe net-
works” is the common primary barrier factor for all four cities, and its barrier degree
is high. The R3 barrier degree of Hangzhou is as high as 49.58%, one of the highest
in the province; those of Huzhou, Jiaxing, and Shaoxing are 41.10%, 40.57%, and
39.59%, respectively, giving the four cities an average R3 barrier degree of 42.71%,
significantly higher than other factors. This indicates that, as plain river-network
areas, Northern Zhejiang cities generally face the pressure of “difficult outward
drainage”, and insufficient pumping capacity has become a bottleneck restricting
flood resilience improvement.

(2) “R2 proportion of built sponge city area” is the second largest barrier factor for Jiaxing,
Huzhou, and Shaoxing. The R2 barrier degree is 16.54% for Huzhou, 15.85% for

https:/ /doi.org/10.3390/su181910069


https://doi.org/10.3390/su181910069

Sustainability 2026, 18, 10069

31 of 42

®)

Shaoxing, and 14.68% for Jiaxing, all exceeding 14%, reflecting that Northern Zhejiang
still has clear shortcomings in advancing sponge city construction and insufficient
source control capacity. The second largest barrier factor of Hangzhou is “S5 density of
flood disaster shelters” (13.67%), showing that, as the provincial capital and a densely
populated area, Hangzhou has a more prominent supply-demand contradiction in
emergency shelter space.

“S2 regulation and storage volume of blue-green space” and “D2 proportion of imper-
vious area” constitute the third tier of barrier factors. The S2 barrier degree is 10.20%
for Jiaxing, 8.89% for Shaoxing, and 8.24% for Huzhou, indicating that the regulation
and storage function of blue-green space has not been fully exerted; the D2 barrier de-
gree is 7.27% for Hangzhou, 6.34% for Jiaxing, and 4.22% for Shaoxing, indicating that
the impervious underlying surface of high-density built-up areas intensifies rainstorm
runoff generation pressure. In addition, Hangzhou’s “S1 proportion of green space to
total area” (6.59%) and “P2 annual number of storm surges exceeding the warning
tide level” (5.98%) also constitute certain barriers, and Huzhou's “R1 proportion of
cumulative restored blue-green space to total area” (6.52%) likewise has some impact
on flood resilience improvement.

In view of the above key barrier factors of Northern Zhejiang cities, the future flood

resilience improvement of Hangzhou, Shaoxing, Jiaxing, and Huzhou should focus on the

following four aspects:

)

@)

®)

Take pumping station expansion and upgrading as the core. In response to the com-
mon problem that the R3 barrier degree of all four cities exceeds 39%, pumping station
expansion and upgrading projects should be planned in advance. Hangzhou should
focus on improving the pumping and drainage capacity of large pumping stations
along rivers, ensuring urban drainage safety under the high backwater conditions
of the Qiantang River; Jiaxing and Huzhou, in light of the long duration of high
water levels in the Taihu Lake basin, should densify the layout of pumping stations in
polder areas and increase single-pump power; Shaoxing, in combination with flood
control dispatch in the Cao” e River basin, should optimize the operating sequence of
riverside pumping stations. At the same time, the renovation of old and damaged pipe
networks should be accelerated, the proportion of pipe networks operating beyond
design flow should be reduced, the density of urban drainage pipe networks should
be increased, and a coordinated “pumping station-pipe network” drainage system
should be formed.

Promote sponge city construction on a large scale. In response to the high R2 barrier
degree of Huzhou (16.54%), Shaoxing (15.85%), and Jiaxing (14.68%), sponge city con-
struction requirements should be incorporated into mandatory standards for urban
renewal and new district development. The large-scale application of distributed
source-control facilities such as permeable pavements, green roofs, bioretention facili-
ties, and ecological wetlands should be expanded, with sponge facilities implemented
in old residential renovation, road reconstruction and expansion, and park green
space construction. Hangzhou should leverage its leading role as a national sponge
city demonstration city to drive the overall quality and efficiency of sponge city
construction in Northern Zhejiang.

Deepen gray-green integrated management. In response to the high S2 barrier degree
of Jiaxing (10.20%), Shaoxing (8.89%), and Huzhou (8.24%), the natural endowment
of dense river networks in Northern Zhejiang should be fully used to construct an
interconnected integrated “pipe network-river-lake” regulation and storage system.
Ecological revetment renovation should be promoted, the natural regulation and
storage functions of rivers, lakes, and wetlands restored and enhanced, and the
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proportion of blue-green space in built-up areas increased. In response to Hangzhou's
high “D2 proportion of impervious area to total area” (7.27%), the proportion of
hardened ground should be reduced in urban renewal, permeable pavements and
sunken green spaces promoted, and rainstorm runoff generation reduced at the source.

(4) Improve emergency shelters. In response to the prominent problem that Hangzhou’s
“S5 density of flood disaster shelters” barrier degree reaches 13.67%, the spatial layout
of shelters should be optimized in combination with urban population distribution
and disaster risk zoning, and the per capita shelter area standard should be raised.
Jiaxing, Huzhou, and Shaoxing should also simultaneously promote the standardized
construction of shelters, improve emergency material reserves and improve evacuation
and transfer plans. Meanwhile, the leading role of Hangzhou should be brought into
play to optimize the backbone water network system and its intelligent operation and
dispatch, improve the cross-departmental flood control emergency linkage mechanism,
and build an intelligent monitoring and dispatch system for the whole process of
flood disaster management. An inter-administrative regional coordinated drainage
mechanism should be established, with the Taihu Lake basin and the Cao’e River
basin managed in a unified and coordinated manner, the flood regulation and storage
capacity and hydrological connectivity efficiency of regional river networks improved,
and the “ecology-management” coordination strengthened.

4.4.2. BEastern Zhejiang Cities: Ningbo, Taizhou, and Zhoushan

Ningbo, Zhoushan, and Taizhou are located in the Eastern Zhejiang coastal area, with
interlacing bays and numerous islands, and are the core agglomeration of the marine
economy and port-side industries. In 2024, the average FRI of the three cities was 0.4572,
lower than the provincial average; among them, Ningbo (0.5241) and Taizhou (0.4626)
were at fourth-grade flood resilience, and Zhoushan (0.3850) at third grade. From 2004 to
2024, the FRI growth rate of Ningbo was 296.74%, ranking second in the province; Taizhou
270.38%, ranking third; and Zhoushan 199.15%, ranking seventh. Eastern Zhejiang cities
are areas where typhoons make landfall intensively, and the superposition of storm surges
and heavy rain gives rise to high disaster risk.

According to the 2024 key barrier factor diagnosis in Table 8, the barrier struc-
tures of the three Eastern Zhejiang cities share common features but also show obvious
regional differences:

(1) “R3 maximum pumping and drainage capacity of pumping stations and pipe net-
works” remains the primary barrier factor for all three cities, but with large internal
differences. The R3 barrier degree of Ningbo is as high as 50.73%, the highest in
the province, reflecting that, as a large port-side industrial and densely populated
city, Ningbo has the most prominent gap in pumping and drainage capacity under
extreme rainstorm conditions; the R3 barrier degree is 37.70% for Taizhou and 34.81%
for Zhoushan, relatively low but still ranking first among all factors. The average
R3 barrier degree of the three cities reaches 41.08%, indicating that improving flood
pumping and drainage capacity is particularly important for the Eastern Zhejiang
region, with its dense port-side industries and heavy rainstorm intensity.

(2) “R2 proportion of built sponge city area” is the second largest barrier factor for
Zhoushan and Taizhou. The R2 barrier degree of Zhoushan is as high as 21.18%,
which is closely related to its dispersed islands, tight construction land, and the dif-
ficulty of large-scale sponge facility promotion; the R2 barrier degree of Taizhou is
15.72%, also at a relatively high level. In contrast, the R2 barrier degree of Ningbo is
only 5.16%, the lowest among the three cities, indicating that Ningbo has achieved
good results in sponge city construction.
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“S2 regulation and storage volume of blue-green space” and “S5 density of flood
disaster shelters” constitute secondary barriers. The S2 barrier degree is 10.35% for
Zhoushan, 9.36% for Ningbo, and 6.02% for Taizhou, indicating that the stormwater
regulation and storage function of blue-green space has not been fully exerted; espe-
cially for an island city such as Zhoushan, where freshwater resources are precious and
storage space is limited, the multi-functional comprehensive utilization of blue-green
space is particularly critical. In terms of S5, the barrier degree is 9.24% for Taizhou
and 8.18% for Ningbo, with Zhoushan relatively low, reflecting that coastal cities still
have problems of insufficient and unevenly distributed emergency shelter space in
typhoon disasters.

“P2 annual number of storm surges exceeding the warning tide level” and “R1 propor-
tion of cumulative restored blue-green space to total area” are characteristic barrier
factors of Zhoushan. The P2 barrier degree of Zhoushan is 6.35%, and the R1 barrier
degree is 8.57%; these two factors occupy an important position in Zhoushan’s barrier
structure, reflecting that the island city faces the dual challenges of intensifying storm
surge threats and insufficient ecological space restoration. The D2 barrier degree of
Ningbo is 5.46%, which also requires attention in urban renewal.

In view of the above key barrier factors of Eastern Zhejiang cities, Ningbo, Taizhou,

and Zhoushan should rely on their port economy and marine industry advantages to build
an integrated coastal flood resilience system of “tide defense—drainage-storage”, with the

following key measures:

)

@)

®)

Launch a pumping capacity enhancement campaign. In response to the difficult situa-
tion that the R3 barrier degree of Ningbo reaches 50.73% (the highest in the province),
pumping station expansion and upgrading should be set as the flagship project for im-
proving Ningbo’s flood resilience. Combining the distribution of Ningbo’s port-side
industrial zones with extreme rainstorm scenarios, the layout of pumping stations
should be scientifically planned, with priority given to enhancing the pumping and
drainage capacity of key areas such as the Sanjiangkou core area, the Beilun port-side
industrial zone, and the Hangzhou Bay New Area. Taizhou, given the heavy rainstorm
intensity in the Jiaojiang River basin, should accelerate the construction and renova-
tion of riverside pumping stations and urban drainage pumping stations; Zhoushan,
in line with its island terrain, should build distributed small pumping-station clusters
to improve the independent drainage capacity of individual islands.

Promote sponge city construction according to local conditions. In response to the
prominent problem that the R2 barrier degree of Zhoushan is as high as 21.18%, an
island-characteristic sponge city construction path should be explored. In view of
the dispersed islands and tight land resources of Zhoushan, permeable pavements,
rain gardens, storage tanks, and other facilities should be implemented in new resi-
dential communities, public buildings, roads, and plazas, and the utilization rate of
rainwater resources should be improved. Taizhou should combine new urban district
development and old residential renovation to promote sponge city construction on a
large scale, focusing on increasing the coverage of sponge facilities in built-up areas.
Ningbo should, on the existing basis, further improve the quality and operational effi-
ciency of sponge city construction and exert its radiating driving effect on Zhoushan
and Taizhou.

Strengthen the regulation and storage function of blue-green space. In response to the
high S2 barrier degree of Zhoushan (10.35%) and Ningbo (9.36%), the coastal bays,
rivers, and wetland resources of Eastern Zhejiang should be fully used to build a multi-
scale blue-green space regulation and storage system. Zhoushan should strengthen
the protection and restoration of island wetlands, build rainwater storage tanks and
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ecological buffer zones, and improve the stormwater regulation and storage capacity
of the islands themselves; Ningbo should, in combination with the renovation of the
six banks of the three rivers, restore and enhance the regulation and storage function
of riverside wetlands; Taizhou should promote the construction of ecological corridors
in the Jiaojiang River basin to improve the overall basin storage capacity. Meanwhile,
in response to the high R1 barrier degree of Zhoushan (8.57%), investment in island
ecological restoration should be increased, and projects such as mine re-greening and
shoreline ecological renovation should be promoted.

(4) Improve the coastal tide defense and emergency system. In response to the relatively
high P2 barrier degree of Zhoushan (6.35%), the Seawall Anlan project should be
advanced to build a combined “seawall-sluice-pumping station” tide defense system.
In response to the S5 barrier degree of Taizhou (9.24%) and Ningbo (8.18%), the
layout of shelters and emergency material reserves should be optimized, and the
accessibility and service coverage of shelters improved. Flood-resilient construction
in port-side industrial zones should be promoted, and the flood control and drainage
standards and emergency response capacity of key industrial zones improved. The
core driving role of Ningbo should be strengthened, the cross-departmental flood
control emergency linkage mechanism improved, the flood control and drainage
facilities of the Yong River, Jiaojiang River basins and the Zhoushan Archipelago
coordinated, and the flood regulation and storage capacity and regional coordinated
defense capacity enhanced.

4.4.3. Southern Zhejiang Cities: Wenzhou and Lishui

Lishui and Wenzhou are located at the junction of the mountainous area and the coast
of Southern Zhejiang, with markedly different topography and landforms. Wenzhou is a
coastal typhoon high-risk area, while Lishui is an inland mountainous city. In 2024, the
average FRI of the two cities was 0.4866; among them, Wenzhou (0.5538) was at Level 5
flood resilience, and Lishui (0.4194) at Level 4. From 2004 to 2024, the FRI growth rate of
Wenzhou was 226.34%, ranking fifth in the province, while that of Lishui was 110.54%,
ranking last in the province, indicating a significant intra-regional gap. Figure 5c shows
that the FRI gap between Wenzhou and Lishui continues to widen over time.

According to the 2024 key barrier factor diagnosis in Table 8, owing to differences in
topography, landforms, and development stage, the barrier factor structure of the two South-
ern Zhejiang cities presents a marked “coastal-mountainous” differentiation characteristic:
(1) “R3 maximum pumping and drainage capacity of pumping stations and pipe net-

works” is the common primary barrier factor for both cities. The R3 barrier degree
of Wenzhou is 46.95%, at a relatively high level in the province, reflecting that, as a
coastal city prone to typhoon rainstorms, Wenzhou has a large gap between urban
drainage pumping capacity and extreme precipitation demand; the R3 barrier degree
of Lishui is 39.94%, also high, indicating that although Lishui is located in mountain-
ous areas, insufficient pumping and drainage capacity is still the core factor restricting
flood resilience improvement in river valley plains and urban built-up areas.

(2) “R2 proportion of built sponge city area to total area” is the second largest barrier
factor of Lishui. The R2 barrier degree of Lishui is as high as 22.15%, which is closely
related to the tight construction land, limited fiscal investment, and late start of sponge
city construction in this mountainous city.

(8) “S5 density of flood disaster shelters” is a common important barrier factor for both
cities. The S5 barrier degree is 11.79% for Lishui and 11.19% for Wenzhou, both
exceeding 11%, significantly higher than most cities in the province. This reflects that,
whether coastal or mountainous, Southern Zhejiang cities have clear shortcomings in
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flood emergency shelter space: Wenzhou has frequent typhoon disasters and large
shelter demand in densely populated areas; Lishui has complex mountainous terrain,
making shelter layout difficult and accessibility poor.

The two cities each have characteristic barrier factors, reflecting differentiated regional
challenges. The R5 barrier degree of Lishui is 4.97%, and the S2 barrier degree is
4.56%, reflecting that Lishui, as a relatively underdeveloped mountainous city, faces
the dual constraints of insufficient fiscal investment and under-exerted ecological
storage functions. The P2 barrier degree of Wenzhou is 5.01%, and the S2 barrier
degree is 10.30%, reflecting that Wenzhou, as a coastal city, faces the challenges of
intensifying storm surge threats and insufficient urban blue-green space storage.

In view of the above key barrier factors of Southern Zhejiang cities, Wenzhou and

Lishui should implement “coastal-mountainous” differentiated strategies, with the follow-

ing key measures:

@

@)

®G)

4)

Jointly advance pumping capacity construction. Wenzhou and Lishui should take
pumping station expansion and upgrading as the core task of flood resilience improve-
ment. Wenzhou should focus on the areas along the Oujiang River and the coastal
plains, scientifically plan and build a number of large and medium-sized drainage
pumping stations in combination with typhoon rainstorm scenarios, focusing on im-
proving the pumping and drainage capacity of core urban areas such as Lucheng,
Longwan, and Ouhai and of coastal economically strong cities such as Yueqing and
Ruian. Lishui, in light of river valley plain terrain features, should focus on improving
the pumping and drainage capacity of urban built-up areas such as Liandu District,
while strengthening the connection between mountain flood interception ditches
and downstream plain drainage pipe networks to improve mountain flood outward
drainage efficiency.

Lishui should prioritize making up for the shortcomings of sponge city construction.
In response to the prominent problem that the R2 barrier degree of Lishui is as high as
22.15% (the highest in the province), sponge city construction should be taken as the
priority area for Lishui’s flood resilience improvement. Combining the characteristics
of Lishui as a mountainous city, appropriate sponge city technical models should be
promoted, with permeable pavements, rain gardens, and ecological detention facilities
implemented in new residential communities, public buildings, and urban roads to
improve the coverage of sponge facilities in built-up areas. Meanwhile, in response
to the high R5 barrier degree of Lishui (4.97%), a stable growth mechanism for fiscal
investment in flood management should be established, the fiscal expenditure struc-
ture optimized, and the proportion of special flood control and drainage expenditure
gradually increased.

Collaboratively improve the emergency shelter system. Lishui and Wenzhou should
jointly promote the construction of emergency shelter space. Wenzhou, in combination
with typhoon disaster risk zoning and population distribution, should focus on adding
emergency shelters in coastal high-risk areas and densely populated areas, and im-
prove the disaster resistance standards and material reserve levels of shelters. Lishui,
in view of complex mountainous terrain and the difficulty of shelter layout, should
adopt a layout mode combining “centralized and dispersed”, building standardized
shelters in townships and central villages, while using public buildings such as schools
and gymnasiums to serve shelter functions, so as to improve the accessibility and
service coverage of shelters.

Strengthen coastal tide defense and blue-green storage. In response to the relatively
high P2 barrier degree of Wenzhou (5.01%), priority should be given to the standard-
ized construction of seawalls; the unified intelligent dispatch of reservoirs, sluices, and
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pumping stations within the basin should be realized, and stormwater regulation and
storage capacity should be improved. The protection and restoration of the Wenrui
Plain river network and wetlands should be strengthened to enhance the storage
function of blue-green space. As a mountainous city with low flood resilience, Lishui
should fully leverage its mountainous ecological endowment, build systematic flood
storage projects such as mountain stream ecological interception ditches, rainwater
storage tanks, and ecological revetments, and improve the hydrological connectivity
between the mountain flood interception system and the downstream plain drainage
pipe network. Meanwhile, the radiating driving role of Wenzhou for Lishui should
be brought into play, with support in technology, capital, and talent, to promote the
coordinated improvement of regional flood resilience.

4.4.4. Western Zhejiang Cities: Jinhua and Quzhou

Quzhou and Jinhua are located in the Jinhua-Quzhou Basin of Western Zhejiang, with
mountains, hills, and river valley plains interlaced. In 2024, the average FRI of the two
cities was 0.5615; among them, the FRI of Quzhou (0.6779) was the highest in the province,
at fifth-grade flood resilience, while the FRI of Jinhua was 0.4450, reaching fourth grade.
From 2004 to 2024, the FRI growth rate of Quzhou was 194.74%, ranking eighth, and that of
Jinhua was 137.21%, ranking tenth. Figure 5d shows that Quzhou experienced a leap after
2019, whereas Jinhua had a relatively gentle trend.

According to the 2024 key barrier factor diagnosis in Table 8, the barrier factor struc-
tures of the two Western Zhejiang cities show extremely significant internal differences:

(1) The primary barrier factors of the two cities differ. The primary barrier factor of
Jinhua is “R3 maximum pumping and drainage capacity of pumping stations and pipe
networks”, with a barrier degree of 38.57%, consistent with most cities in the province
and reflecting a clear shortcoming in engineering drainage capacity. In contrast, the
primary barrier factor of Quzhou is R2, the proportion of built sponge city area, with
a barrier degree as high as 37.21%. This unique phenomenon is closely related to the
current status that Quzhou has the highest FRI in the province (0.6779): Quzhou is
already relatively well developed in traditional water conservancy engineering, so R3
is no longer the most prominent contradiction; as flood resilience improves overall, the
relative lag of ecological infrastructure such as sponge city construction has become
the new primary bottleneck.

(2) “S5 density of flood disaster shelters” is the common second-largest barrier factor
for both cities. The S5 barrier degree of Quzhou is as high as 18.27%, the highest in
the province, reflecting that, despite its high overall flood resilience level, Quzhou
has a serious shortcoming in emergency shelter space, which may be related to its
complex mountainous and hilly terrain, the difficulty of shelter construction, and
historical under-investment. The S5 barrier degree of Jinhua is 9.85%, also relatively
high, indicating that Jinhua also needs to strengthen emergency shelter space. The
average S5 barrier degree of the two cities reaches 14.06%, the highest among the
four regions.

(3) Blue-green space-related factors (R1, S2) occupy an important position in obstructing
the improvement of flood resilience in Quzhou. The “R1 proportion of cumulative
restored blue-green space to total area” of Quzhou is 13.20%, and the “S2 regulation
and storage volume of blue-green space” barrier degree is about 7.96%; the two factors
together exceed 20%, reflecting that Quzhou has systemic deficiencies in the restoration
and protection of blue-green space and in exerting its storage function. This somewhat
contrasts with Quzhou'’s positioning as the ecological barrier in the upper reaches of
the Qiantang River, and also shows that ecological advantages have not yet been fully
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transformed into flood resilience advantages. The R1 barrier degree of Jinhua is 5.48%,
and the S2 barrier degree is 8.41%, relatively low but still requiring attention.
Sponge city construction is a common important barrier factor for both cities. In
addition to Quzhou ranking first with an R2 barrier degree of 37.21%, the R2 barrier
degree of Jinhua also reaches 18.12%, its second-largest barrier factor. The average R2
barrier degree of the two cities is as high as 27.67%, the highest among the four regions,
indicating that Western Zhejiang as a whole faces the challenge of lagging sponge city
construction. In addition, the R4 barrier degree of Quzhou is 4.45%, reflecting that
there is also some room for improvement in management coordination.

In view of the above key barrier factors of Western Zhejiang cities, Quzhou and Jinhua

should fully leverage the ecological advantages of the upper reaches of the Qiantang

River, explore a flood resilience improvement path of “ecology-led, engineering shortfall

compensation, and regional coordination”, with the following key measures:

@

@)

®)

4)

Jinhua should prioritize making up for the engineering drainage shortfall. In response
to the primary problem that the R3 barrier degree of Jinhua reaches 38.57%, pumping
station expansion and upgrading and drainage pipe network construction should
be taken as the priority tasks of Jinhua’s flood resilience improvement. Investment
in engineering construction such as pumping stations, drainage pipe networks, and
embankments should be increased, and the coverage and pipe diameter standards
of municipal drainage pipe networks improved. The drainage capacity along the
Jinhua River and Yiwu River and in core urban areas such as Jindong and Wucheng
should be improved, and old pipe network renovation and pumping station upgrades
advanced simultaneously with urban renewal.

Promote sponge city construction. Sponge city construction should be taken as the core
lever for flood resilience improvement in Western Zhejiang. Quzhou, in view of the
unique stage characteristic that R2 has become the primary barrier, should, on the basis
of maintaining the advantages of traditional water conservancy engineering, shift its
focus to ecological infrastructure such as sponge city construction. The sponge concept
should be fully implemented in new urban district development, old residential
renovation, and park green space construction, promoting permeable pavements,
green roofs, bioretention facilities, and the like. Jinhua should, in combination with
urban renewal and the construction of the Jinyi New Area, simultaneously advance
sponge city construction and improve the coverage of sponge facilities in built-up
areas. The two cities should jointly explore a Jinhua-Quzhou Basin-characteristic
sponge city construction model and leverage latecomer advantages.

Focus on making up the emergency shelter space shortfall. In response to the promi-
nent problems that the S5 barrier degree of Quzhou is as high as 18.27% (the highest
in the province) and that of Jinhua is 9.85%, the two cities should take emergency
shelter construction as an urgent task. Quzhou, in view of complex mountainous and
hilly terrain, should make full use of public buildings such as schools, gymnasiums,
and exhibition centers to serve shelter functions, and improve per capita shelter area
and venue accessibility. Jinhua, in combination with urban public service facility
construction, should simultaneously promote the standardized renovation of shelters
and improve emergency material reserves and evacuation and transfer plans.
Strengthen blue-green space restoration and management coordination. In response
to the high barrier degrees of ecological and management factors such as Quzhou’s
R1 (13.20%), S2 (7.96%), and R4 (4.45%), Quzhou should, on the basis of maintaining
its leading provincial position in flood resilience, shift its work focus to ecological
restoration and management coordination. Investment in blue-green space ecolog-
ical restoration should be increased, and projects such as wetland protection and
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restoration in the upper reaches of the Qiantang River, mine ecological treatment, and
riverbank ecological renovation should be promoted, so as to increase the proportion
of cumulative restored blue-green space. The river, lake, and wetland resources of
the Jinhua-Quzhou Basin should be fully used to build systematic centralized flood
storage projects and increase the blue-green space regulation and storage volume.
The cross-departmental flood control and drainage linkage mechanism should be
improved to enhance coordinated response efficiency.

5. Conclusions

Based on the DPSIR framework, this study constructs a flood resilience evaluation

indicator system for Zhejiang Province from the EEM perspective, and comprehensively

applies the EW-AHP combination weighting, TOPSIS, barrier degree model, and grey

relational analysis methods to systematically examine the spatiotemporal evolution of

flood resilience, the evolution of factors, and the cross-dimensional relationships among

the 11 cities of Zhejiang Province from 2004 to 2024. The main conclusions are as follows.

@

@)

®)

The flood resilience level of Zhejiang Province has improved significantly overall, but
regional differentiation continues to intensify. From 2004 to 2024, the provincial aver-
age FRI rose from 0.1657 to 0.5021, a growth rate of 203.09%, and the flood resilience
grade achieved a qualitative leap from “mainly first grade” to “dominated by fourth
and fifth grade”. In 2024, the spatial pattern of flood resilience presents a hierarchical
agglomeration characteristic of “fifth grade leading, fourth grade contiguous, and
third grade dispersed”: Hangzhou, Wenzhou, and Quzhou enter fifth grade flood
resilience, while Zhoushan, constrained by island geographical conditions, remains at
third grade; the regional gap follows an inverted-V evolution of “large-small-large”.

The key barrier factors of flood resilience have evolved from a single engineering
shortfall to a multi-dimensional composite. “R3 maximum pumping and drainage
capacity of pumping stations and pipe networks” ranks as the primary barrier factor
in all five study years, with its barrier degree rising from 21.66% in 2004 to 38.14%
in 2024, becoming the most prominent barrier factor restricting flood resilience im-
provement in Zhejiang Province. The evolution of the key barrier factors is highly
consistent with the different stages of flood management in Zhejiang: 2004-2014 was
the stage of making up for engineering infrastructure shortfalls, 2014-2019 the stage
of synergistically advancing “engineering and ecology”, and 2019-2024 the stage of
expanding engineering gaps superimposed with new barrier factors. In 2024, the
maximum pumping and drainage capacity of pumping stations and pipe networks,
the proportion of built sponge city area, the density of flood disaster shelters, the
regulation and storage volume of blue-green space, and the proportion of cumulative
restored blue-green space to total area became key barrier factors.

The pairwise correlations among the engineering, ecological, and management factors
are differentiated, and the limited integration of gray infrastructure with green space
is an important factor constraining flood resilience improvement. The engineering—
management correlation is the highest (0.7957), reflecting the core characteristic that
engineering facilities and management institutions are highly coupled within the flood
management system; the engineering-ecological correlation is intermediate (0.7488),
revealing that gray engineering facilities and green ecological measures remain poorly
aligned and that a truly integrated gray-green management model has yet to be
established; the ecology—-management correlation is the lowest (0.7051), indicating
that the coordination between ecological restoration and management institutions still
has considerable room for improvement.
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4)

Based on regional differentiation characteristics and barrier factor diagnosis, differenti-
ated flood resilience improvement strategies for the four regions of Northern, Eastern,
Southern, and Western Zhejiang are proposed from the aspects of engineering defense,
ecological restoration, and management coordination, emphasizing three directions:
making up the core shortfall of pumping and drainage capacity, strengthening the
“ecology-management” coordination mechanism, and promoting the gray-green in-
tegrated management model, so as to provide decision-making support for flood
disaster management and flood-resilient city construction.

Although this study has achieved good results in flood resilience evaluation,

barrier factor identification, and barrier factor correlation research, it still has the

following limitations:

)

@)

®)

4)

Limited by indicator reliability, some indicators that can reflect flood resilience, such as
the public awareness of flood risk, community self-governance and mutual assistance
capacity, and flood insurance coverage, were not included in the evaluation system.
This study selected five time nodes, 2004, 2009, 2014, 2019, and 2024, with an interval
of 5 years. Although this covers a 20-year study period, the 5-year sampling interval
may still miss short-term inter-annual fluctuations and the immediate impact and
recovery process of extreme flood events on flood resilience; future work may consider
collecting and analyzing year-by-year data.

This study uses grey relational analysis to quantify the correlation strength among the
engineering, ecological, and management factors; a high or low correlation degree
only indicates the similarity of the two types of factors in temporal trends and does
not fully equate to a causal transmission relationship between them. GRA reflects
correlation rather than causation.

In constructing the indicator system, this study incorporated regional characteristic
elements of Zhejiang Province, such as the Seawall Anlan project, typhoon storm
surges, city-wide sponge city construction, and the “seven parts mountain, one
part water, and two parts farmland” terrain, embodying the research positioning
of “regional adaptability”. When this indicator framework is directly transferred to
regions whose natural geographical conditions, climatic characteristics, urbanization
level, and flood management model differ greatly from those of Zhejiang, some
indicators may have insufficient applicability; the framework should be applied only
after indicator addition or deletion, weight calibration, and framework adjustment in
light of the actual characteristics of the target region.
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Abbreviations

The following abbreviations are used in this manuscript:

AHP Analytic Hierarchy Process

BDM Barrier Degree Model

DPSIR  Driving-Pressure-State-Impact-Response
EEM Engineering—Ecological-Management

EW Entropy Weight

FRI Flood Resilience Index
GRA Grey Relational Analysis
PIS Positive Ideal Solution
NIS Negative Ideal Solution

TOPSIS = Technique for Order Preference by Similarity to Ideal Solution
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