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Abstract: Anticipated sea level rises from global climate change pose a significant flood risk to
urban land. Evaluating urban land suitability under sea level rise scenarios is crucial for promoting
sustainable development. Recent research has advanced the application of artificial intelligence
and the integration of GIS with models, yet the impact of climate change on land suitability has
often been overlooked. This study focuses on Xihu District in Hangzhou, utilizing the entropy
weight and matter-element model to evaluate land suitability for urban development. The evaluation
results were cross-verified with land use plans. A comprehensive analysis of potential flood risk to
urban land in 2100 was conducted, considering varying degrees of sea level rise under Sustainable
Development Scenario SSP1-2.6 and High-end Emission Scenario SSP5-8.5, as well as the scenario
reflecting the most severe sea level rise during extreme climate events. The results indicate that more
than half of the land in the study area is suitable for construction, aligning spatially with the current
planned urban land. The analysis process of the matter-element model reflects the impact level of
each indicator on urban land suitability, conveying information both spatially and numerically, thus
enhancing accuracy. Scenario analysis reveals that approximately 10% to 20% of urban land in the
study area could face flooding threats due to future sea level rises, primarily in the northern and
southeastern regions. Recommendations for future land development and spatial planning strategies
to address flood risk are discussed, aiming to alleviate the pressure on urban land in response to
future climate change.

Keywords: urban land; suitability evaluation; entropy weight and matter-element model; climate
change; flood risk; Hangzhou

1. Introduction

Cities in China have experienced rapid development, with the urbanization rate
climbing to 63.89% in 2020, a surge of over 30% in the past two decades. This rapid
expansion, however, has resulted in inefficient land use, resource wastage, environmental
pollution, and ecological degradation [1,2]. The evaluation of urban land suitability helps
to improve the living environment and mitigate the negative impacts of urbanization on
natural systems [2]. It addresses specific spatial demands, promotes the optimization of
urban spatial patterns, and provides valuable data support for the rational allocation of
future land use [3,4]. Despite these advancements, the current technical guidelines for land
suitability evaluation in China lack a unified practical framework and technical references.
Therefore, it is necessary to introduce new evaluation methods to enhance efficiency and
accuracy, thereby providing guidance for spatial planning at different scales.

Climate change creates additional stresses on land, intensifying existing threats to
livelihoods, biodiversity, human and ecosystem health, infrastructure, and food sys-
tems [5]. According to the Intergovernmental Panel on Climate Change (IPCC), human
activities are estimated to have caused approximately 1.0 ◦C of global warming above
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pre-industrial levels, with global warming projected to reach 1.5 ◦C between 2030 and
2052 if it continues at the current rate [6]. Sea level rise, driven by global climate change,
will directly affect coastal ecosystems and human activities, increasing the frequency and
severity of extreme sea level events such as storm surges, wave inundation, and tidal
floods [7]. As a primary human habitat, urban land is likely to face severe flood risks in
the future. For this, incorporating climate change scenarios into research is essential for
predicting the vulnerability of urban systems in advance.

Extensive global research on land suitability evaluation has advanced technical ap-
proaches, particularly in integrating artificial intelligence and advanced modeling with GIS.
The use of artificial neural networks, such as the radial basis function neural network and
the Back Propagation (BP) neural network, integrated with GIS technology, exemplifies the
progressive applications in this field [8–10]. Moreover, the Probabilistic Neural Network
(PNN) analysis method [11] has been utilized to refine evaluations of land suitability and
land use status.

While multi-criteria decision-making (MCDM) methods, such as the analytic hierarchy
process (AHP) [12,13], Analytic Network Process (ANP) [14], and Logic Scoring of Pref-
erence (LSP) method [15,16], continue to optimize complex indicators for evaluation, the
incorporation of more sophisticated models offers significant enhancements. The Ordered
Weighted Averaging (OWA) decision-making model, for instance, combines the analytic
hierarchy process with fuzzy quantitative methods under a GIS framework to improve
land suitability assessments [17,18]. Notably, the integration of fuzzy membership func-
tions with GIS was employed in land evaluation studies in the 1990s [19]. The application
of variable fuzzy sets and fuzzy logic theories considerably improved the accuracy and
reliability of evaluation practices [20,21], while fuzzy comprehensive evaluation has been
frequently utilized in land suitability research [22].

Additionally, the weight-of-evidence model utilizes Bayesian Theory to support
decision-making processes in GIS systems [23], facilitating a more streamlined evalua-
tion process [24,25]. Similarly, the practice of building a decision tree model based upon
spatial data basic and improved algorithms has proven highly accurate in evaluating land
suitability [26–28]. Furthermore, innovative approaches like niche models [29] and the
matter-element model [30–32] demonstrate the continuous evolution and effectiveness
of combining knowledge-driven and data-driven approaches in land suitability evalua-
tions. The introduction of the niche models, such as the Maximum Entropy (MaxEnt)
model [33], provides a more comprehensive perspective for land assessments. The integra-
tion of the matter-element model with AHP, Remote Sensing (RS), and GIS methods has
proven effective in practice [34].

To address climate change, cities worldwide have developed local plans or policies in
response [35], but few incorporate spatial planning measures [36,37]. Research indicates
that urban areas can effectively adapt to and mitigate climate change by implementing
strategies, such as adopting compact urban forms [38,39], promoting public transporta-
tion [40], enhancing green spaces, and improving infrastructure [41,42]. Additionally,
revising land use in areas likely to be flood-prone in the future is considered a key measure
in adapting to climate change [43–45]. However, the possible negative impacts of climate
change have received little attention in land suitability evaluations. A diversity of adapta-
tion responses to coastal impacts and risks, including hard coastal protection infrastructure
in coastal cities and deltas, have been implemented around the world [46]. While existing
infrastructure can mitigate current coastal risks to some extent, it is inadequate for future
flood protection. Proactively including flood risk in urban land suitability evaluations can
not only forecast potential flooding to minimize losses, but also bolster urban resilience
against natural hazards.

The scenario-based analysis approach has been applied to study the responses of
urban land [47–49], agriculture [50], hydrology, and ecosystems [51,52] to climate change
impacts. Scholars have also evaluated flood risk in urban areas based on land use modeling
and climate scenarios [53–55]. Although these studies primarily concentrate on simulating
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future land use [48,49], their analytical perspective and methodology can inform land
suitability evaluations.

Drawing on relevant theoretical studies and technical methods, we conducted an
empirical study in Xihu District, Hangzhou, using the entropy weight and matter-element
model with MATLAB and ArcGIS. Based on the Coupled Model Intercomparison Project
(CMIP6) developed by the IPCC, we selected two scenarios, Sustainable Development
Scenario SSP1-2.6 and High-end Emission Scenario SSP5-8.5, to estimate the sea level rise
in 2100. The scenario analysis also considered extreme sea level events recently observed
in coastal Zhejiang. We simulated potential future flooded areas in Xihu District, and the
analysis of these results provides technical support and a scientific reference for spatial
planning under climate change conditions (Figure 1).
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Figure 1. Research framework.

2. Materials and Methods
2.1. Study Area

Xihu District, located in western Hangzhou, covers an area of approximately
311.30 km2. Positioned between latitudes 30◦4′49′′ and 30◦21′28′′ N and longitudes
119◦59′30′′ to 120◦10′42′′ E, it features a subtropical monsoon climate with distinct
seasons and abundant precipitation. Xihu District is renowned for its historical and
cultural landmarks, including West Lake, a cultural and esthetic symbol of Hangzhou
for centuries. The topography predominantly consists of hills and plains, with the
Qiantang River traversing from south to north (Figure 2).
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Figure 2. Study area.

As a central urban area, Xihu District exemplifies urban–rural fringe areas and supports
a population of 1.167 million, which has steadily grown over recent years. Its diverse econ-
omy spans e-commerce, technology, finance, and traditional industries, alongside tourism,
hospitality, and cultural sectors. Located 30 km from Xiaoshan International Airport, a major
regional air travel hub, the district is also well connected by high-speed rail and expressways
to major cities like Shanghai and Nanjing, enhancing its regional connectivity.

Metropolitan centers and tourist regions are vulnerable to frequent flooding [56]. As
a southeastern coastal city in China, Hangzhou is susceptible to climate-related disas-
ters, especially typhoons and heavy rainfall, which often result in flooding and inunda-
tion [9]. Statistics indicate that over the past 15 years, Xihu District has sustained the highest
direct economic losses due to flood disasters among the city’s main districts [57] and also
contends with significant land subsidence issues.

2.2. Data Acquisition

Research data were sourced from open-access data websites and local planning depart-
ments. The data sets from 2020 included DEM elevation data derived from the GDEMV2
digital elevation data product of the Geospatial Data Cloud site (http://www.gscloud.cn
(accessed on 3 April 2024)), featuring a 30 m resolution. Basic geographic data such as water
systems, highways, and railways were vector data obtained from the National Catalogue
Service for Geographic Information website (www.webmap.cn (accessed on 3 April 2024)).
Meteorological data including monthly mean temperature and relative humidity were
sourced from the National Earth System Science Data Center (https://www.geodata.cn
(accessed on 3 April 2024)). Geological hazard data were provided by the Hangzhou Bureau
of Planning and Natural Resources. High-resolution (10 m) land cover data derived from
Sentinel-2 satellite images were acquired from the Esri website (https://livingatlas.arcgis.

http://www.gscloud.cn
www.webmap.cn
https://www.geodata.cn
https://livingatlas.arcgis.com/landcover/
https://livingatlas.arcgis.com/landcover/
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com/landcover/ (accessed on 3 April 2024)). Road network data were downloaded from
the OpenStreetMap website (https://www.openstreetmap.org (accessed on 3 April 2024)).
Point of interest (POI) data for transportation hubs such as airports, railway and bus
stations, high-speed toll stations, and subway stations were collected from the Autonavi
Open Platform. All collected data underwent projection transformation in ArcGIS, and the
subsequent analysis was uniformly conducted using the CGCS2000 geodetic coordinate
system, converting all data types into a raster format with a 10 m × 10 m precision.

Future sea level rise projections were obtained from the CMIP6 SSP1-2.6 and SSP5-8.5
scenarios as outlined in the IPPC’s Sixth Assessment Report (AR6) [58]. Data on extreme
sea level events were sourced from the China Sea Level Bulletin.

2.3. Methods
2.3.1. Establishment of the Evaluation System

(1) Indicator Selection

To evaluate land suitability for urban development, the initial step is to determine
the evaluation indicators based on their relevance and influence on urban land, while
considering local conditions. The literature typically categorizes indicators into two main
perspectives: geographic resource conditions and economic location conditions. Applying
the potential–constraint model [59,60], scholars distinguish between geographic constraints,
which often limit urban land use as resistance factors, and economic potentials, which
indicate the construction potential of urban spaces and serve as drivers for future spatial
development (Table 1).

Table 1. Selection of indicators in the literature for land suitability evaluation.

Perspectives of
Indicator Selection Types Indicators

Geographic Resource
Conditions

Topography Slope, elevation, topographic relief

Natural Resources Vegetation coverage, total water resources, available water resource
potential, water sources, ecological reserves

Natural Disasters Landslides and debris flows, geological hazard susceptibility, ecosystem
vulnerability, seismic hazard

Climate Environment Water area proportion, distance from water, temperature humidity index

Economic Location
Conditions

Traffic Location
Distance from built-up areas, distance from major traffic arteries, traffic
network density, accessibility of transportation arteries, accessibility of

transportation hubs, accessibility of central city

Socioeconomic Economic level, land use, population density, scale of existing developed
urban areas, land cover index

Note: All indicators in the table were summarized in the literature [59–64].

Following standard practices in indicator selection, we adopted the principles of
scientific rigor, economic viability, operational feasibility, and measurability, tailored to
the urban land context of the study area. We identified six categories of factors using
the potential–constraint model, including three constraint factors, topography, climate
environment, and disaster risk, and three potential factors: land status, location conditions,
and traffic network density.

For quantitative analysis, these factors were subdivided into ten indicators: slope, ele-
vation, topographic relief, temperature humidity index, distance from rivers, susceptibility
to geological disasters, land cover, accessibility of traffic arteries, accessibility of traffic hubs,
and road network density. After establishing the indicators, we processed data to create a
unified evaluation map (Figure 3), utilizing ArcGIS for spatial analysis.

https://livingatlas.arcgis.com/landcover/
https://livingatlas.arcgis.com/landcover/
https://livingatlas.arcgis.com/landcover/
https://www.openstreetmap.org
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relief, (d) temperature humidity index, (e) distance from rivers, (f) susceptibility to geological
disasters, (g) land cover, (h) accessibility of traffic arteries, (i) accessibility of traffic hubs, and (j) road
network density.

(2) Evaluation Grades and Criteria

In accordance with the relevant literature [30,32] and China’s “Guidelines for the
Evaluation of Resource and Environmental Carrying Capacity and Suitability for Territorial
Spatial Development”, four evaluation grades were adopted in this case study: suitable,
relatively suitable, relatively unsuitable, and unsuitable. The classification of each indicator
is visualized in Figure 3.

The majority of indicators were graded using Jenk’s natural breaks method. For
inherently categorical indicators, such as susceptibility to geological hazards and land cover,
categories were defined based on urban development principles [32,63,64]. Adjustments to
criteria for specific indicators were made according to national guidelines and standards.
Table 2 presents these four grades along with their respective descriptions.

Table 2. Land suitability grades and quantitative criteria.

Evaluation Grades Suitable Relatively Suitable Relatively Unsuitable Unsuitable

Slope (◦) <6 6–15 15–25 >25
Elevation (m) <52 52–136 136–247 >247

Topographic relief (m) <50 50–100 100–200 >200
Temperature humidity index 24.6–25.4 25.4–25.7 25.7–25.9 25.9–26.3

Distance from rivers (km) 0–1.17 1.17–2.96 2.96–5.15 5.15–8.76
Susceptibility to

geological disasters Unsusceptible Relatively unsusceptible Relatively susceptible Susceptible

Land cover Built area, Bare
ground Cropland Flooded vegetation,

Rangeland Water, Forest land

Accessibility of traffic arteries 8.8–13.2 13.2–17.3 17.3–21.6 21.6–28.7
Accessibility of traffic hubs 9.0–13.8 13.8–16.6 16.6–19.8 19.8–26.7

Road network density (km/km2) 1.62–3.25 1.04–1.62 0.42–1.04 0–0.42
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(3) Determination of Weights Based on Entropy Method

The entropy weight method, which allocates weights to indicators based on their
information entropy, was used to reduce the subjective biases common to methods such
as AHP or the Delphi Method. This method quantifies the uncertainty of indicator data:
higher entropy indicates greater disorder and information contribution, thereby assigning
higher weight. In the process of constructing the indicator system, this study objectively
assigns weights to each indicator using the entropy method (Table 3).

Table 3. Suitability evaluation indicator systems.

Perspectives of Selection Categories of Factors Indicators Weights

Natural Resource Environment
(constraint factor)

Topography
c1. Slope 0.059

c2. Elevation 0.062
c3. Topographic relief 0.073

Climate environment
c4. Temperature humidity index 0.134

c5. Distance from rivers 0.035

Disaster risk c6. Susceptibility to geological
disasters 0.047

Economic Location Conditions
(potential factor)

Land cover c7. Land cover 0.262

Location condition
c8. Accessibility of traffic arteries 0.057

c9. Accessibility of traffic hubs 0.038
Traffic network density c10. Road network density 0.233

2.3.2. Construction of the Evaluation Model Based on Matter-Element Theory

Developed by the Chinese mathematician Cai Wen in the 1980s, matter-element theory
is a branch of the extenics disciplines. It is generally used to solve practical problems
that are too complex to express in precise mathematical language, and its essence is to
use the correlation function to quantitatively describe the development and changes of
the research object in space and time [65]. The suitability of urban land, characterized by
typical fuzziness and complexity, is effectively simplified using the matter-element model.
Through a quantitative description of the correlation functions of individual indicators, the
model captures their interactions and aggregates the impact of multiple factors.

In GIS-based land suitability analysis, diverse methodologies are utilized, includ-
ing multiple-criteria decision-making methods, fuzzy mathematical techniques, artificial
intelligence technology, and diverse modeling applications. The matter-element model
amalgamates the strengths of the first two methods. Specifically, it has the ability to deal
with uncertainty and integrate multiple criteria and is applicable to complex dynamic
systems. Consequently, it offers a robust and transparent decision-making process and a
systematic, flexible approach for evaluating urban land suitability. Compared to methods
like neural networks, the matter-element model is relatively straightforward, minimiz-
ing excessive reliance on data training and enabling the use of programming software to
enhance calculation efficiency and accuracy.

The matter-element model employs an ordered triad R = (N,c,v) to describe enti-
ties [66]. In this case, N is the grade of its suitability; the characteristic c is the indicator
of the evaluation of land suitability, with a total of i indicators; and v is the value of each
indicator’s basic unit. A matrix representation for the matter element is adopted here to
integrate multidimensional features. It helps to fit subsequent mathematical modeling
which would offer convenience in computation and processing. For each basic unit, there
is a matter element R = (N,c,v) expressed by the following formula:

R = (N, c, v) =

∣∣∣∣∣∣∣∣∣
N c1 v1

c2 v2
...

...
ci vi

∣∣∣∣∣∣∣∣∣, (1)
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The essence of matter-element analysis lies in the matrix calculation of the correlation
function between the matter element and the evaluation grade, which assigns each unit to
the grade with the highest correlation. This process allows for a detailed differentiation
of each indicator, greatly enhancing the accuracy of the evaluation. The specific approach
to evaluating urban land suitability based upon the matter-element theory is outlined
as follows:

(1) Determination of classical domain and nodal domain.

The classical domain specifies the range of values that indicator i might take in each
grade, j, for all of the matter elements studied. For each grade, j, there is a corresponding
classical domain matrix, R0j, expressed as

R0j =
(

Nj, c, Vji
)
=

∣∣∣∣∣∣∣∣∣
Nj c1

(
aj1, bj1

)
c2

(
aj2, bj2

)
...

...
ci

(
aji, bji

)
∣∣∣∣∣∣∣∣∣, (2)

where Nj refers to the suitability grade, Vji is the characteristic value of ci at level j, and
aji and bji are the minimum and maximum values among all the values of i at level j,
respectively. The explicit values in the domain matrix correspond to the values in Table 3.

The nodal domain outlines the overall ranges of values for an indicator across all
studied elements, typically ranged from api to bpi for indicator i. The nodal domain matrix,
Rp, is expressed as follows:

Rp =
(

Np, c, Vpi
)
=

∣∣∣∣∣∣∣∣∣
Np c1

(
ap1, bp1

)
c2

(
ap2, bp2

)
...

...
ci

(
api, bpi

)
∣∣∣∣∣∣∣∣∣, (3)

where Np refers to all suitability grades; Vpi refers to the range of values taken for each
indicator for all matter elements. It can be found that Vji ⊂ Vpi.

(2) Determination of Matter elements to Be Evaluated

The matter elements to be evaluated refers to each element of urban land suitability
divided according to the raster precision. The study area was divided into fixed numbered
10 m × 10 m raster data units, with a total of 3,119,250 basic units, which were determined
as the matter elements evaluated in this model. For each matter element, Rx, it can be
expressed by the following matrix:

Rx = (Nx, c, x) =

∣∣∣∣∣∣∣∣∣
Nx c1 x1

c2 x2
...

...
ci xi

∣∣∣∣∣∣∣∣∣, (4)

where the subscript x is the number of matter elements to be evaluated. xi is the value of
the indicator i, and Nx is the actual evaluation grade of the matter element to be solved.
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To illustrate the calculation process of the matter-element model better, the object
numbered 1 in the study area was selected as an example according to Formula (4), and the
matter-element matrix to be evaluated can be expressed as follows:

R1 =

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

N1 c1 4.17
c2 8
c3 13
c4 25.49
c5 1529.70
c6 0.00
c7 10
c8 14.58
c9 16.18
c10 0.13

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣
(3) Calculation of Correlation Between Each Indicator and Evaluation Grade

Correlation functions can describe the characteristics of objects quantitatively, ex-
pressed as the membership degrees of the evaluation matter elements that conform to a
certain evaluation grade. The correlation calculation begins with distance measures using
the following formulas:

ρ
(
xi, Vji

)
=

∣∣∣∣xj −
1
2
(
aji + bji

)∣∣∣∣− 1
2
(
bji − aji

)
, (5)

ρ
(
xi, Vpi

)
=

∣∣∣∣xi −
1
2
(
api + bpi

)∣∣∣∣− 1
2
(
bpi − api

)
, (6)

These distances are calculated between the matter element, Rx, and the classical and
the nodal domains, respectively. The correlation function Kj(xi) is then established to
calculate the correlation between each matter element and evaluation grade, represented as

Kj(xi) =


−ρ(xi ,Vji)

|Vji| xi ∈ Vji

ρ(xi ,Vji)
ρ(xi ,Vpi)−ρ(xi ,Vji)

xi /∈ Vji

, (7)

where
∣∣Vji

∣∣=∣∣bji − aji
∣∣.

(4) Calculation of Integrated Correlation Degree

The integrated correlation degree between each matter element and different grades is
calculated using a weighted average, considering the weight of each indicator:

Kj(Nx) =
n

∑
i=1

aiK(xi), (8)

where Kj(Nx) represents the integrated correlation degree between the matter element, Rx,
and the evaluation grade, j. ai is the weight of the indicator, i. If Kj0(Nx) = max

[
Kj(Nx)

]
,

then the matter element belongs to grade j0, and Kj0(Nx) reflects the level of the matter
element that belongs to the grade directly.

For the matter element R1, correlation functions were calculated using Formulas (5)–(7).
The attribution of the maximum correlation value reflects the evaluation grade for each indicator.
Correlations between each indicator of R1 and the evaluation grades were obtained as follows
(Table 4):
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Table 4. Correlations between each indicator of R1 and evaluation grade.

Indicators Suitable Relatively Suitable Relatively Unsuitable Unsuitable

Slope 0.31 −0.31 −0.72 −0.83
Elevation 0.10 −0.90 −0.96 −0.98

Topographic relief 0.27 −0.73 −0.88 −0.92
Temperature humidity index −0.10 0.32 −0.19 −0.36

Distance from rivers −0.19 0.20 −0.48 −0.70
Susceptibility to geological disasters 0 −1 −1 −1

Land cover 0 −1 −1 −1
Accessibility of traffic arteries −0.19 0.34 −0.32 −0.55

Accessibility of traffic hubs −0.25 0.15 −0.06 −0.34
Road network density −0.92 −0.88 −0.70 0.30

Subsequently, the integrated correlation degree was calculated using Formula (8) and
the results are presented in Table 5. It can be found that K1(N1) = max

[
Kj(N1)

]
(j = 1 − 4).

Therefore, the matter element R1 belongs to the suitable grade and the value of the correlation
is −0.21.

Table 5. Integrated correlation between matter element R1 and evaluation grade.

Evaluation Grade Suitable Relatively Suitable Relatively Unsuitable Unsuitable

Integrated Correlation −0.21 −0.57 −0.70 −0.53

Before analyzing the value of Kj(Nx), it is necessary to clarify the significance of
different value ranges in the evaluation model. The potential range of Kj(Nx) spans the
entire real number axis, from −∞ to +∞. This analysis offers more information than
traditional mathematical methods. The significance of different ranges of Kj(Nx) in the
evaluation model are as follows: When Kj(Nx) ≥ 1, it indicates that the evaluated matter
element exceeds the standard, with higher values indicating greater future development
potential. When 0 ≤ Kj(Nx) ≤ 1, it signifies that the matter element meets the standard to
varying degrees, with higher values indicating closer adherence. Values between −1 and 0
suggest partial compliance with the standard and potential for adjustment to meet the
standard fully. Finally, values ≤−1 denote that the matter element falls significantly short
of standards, lacking conditions for transformation and development potential.

2.3.3. Analysis of Sea Level Rise under Climate Change Scenarios

Climate change scenarios generally refer to projections of future climate conditions
based on different assumptions about greenhouse gas emissions, socioeconomic devel-
opment, and other factors. According to the IPCC’s AR6, CMIP6 integrated the Shared
Socioeconomic Pathways (SSPs) with Representative Concentration Pathways (RCPs) to de-
pict different climate change scenarios. Scenario analysis typically involves various factors
such as high temperatures, heavy rainfall, air pollution, sea level rise, and extreme weather
events, which may serve as key elements in characterizing climate change impacts. Sea
level rise scenarios associated with future climate change exhibit greater certainty compared
to other trends observed across numerous climate impact variables [38]. Moreover, there is
an increasing trend of direct losses to urban land brought about by flood risk. Managing
flood risk is recognized as one of the crucial components of climate change adaption.

This study focuses on sea level rise as the main variable, selecting two representative
emission scenarios from the IPCC climate models: SSP1-2.6, which represents a sustainable
development scenario with low vulnerability, low mitigation pressure, and low radiative
forcing, and SSP5-8.5, a high-end emission scenario driven by a rapid development path
based on fossil fuel consumption [58]. Extreme sea levels refer to sea levels that are
significantly higher than the same period of a normal year under extreme climate events or
ocean phenomena, and the duration is generally several hours or days.
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Considering the uncertainties associated with future sea level rises, the analysis was
not confined to a single scenario [67]. In addition to the global mean sea level in 2100 under
different climate change scenarios, regional extreme climate events were also taken into
account. As the coastal areas of Zhejiang are frequently hit by storm surges, the sea level is
significantly elevated due to the superposition of seasonal high sea levels and astronomical
high tides. Statistics show that the average sea level rise caused by extreme sea level events
in the last five years is 0.48 m, with a maximum of 0.94 m, and the sea level change exhibits
a fluctuating upward trend (Figure 4). When conducting risk assessments, selecting the
worst-case scenario of 0.94 m as the baseline for simulation ensures the effectiveness of
early warning. Although Hangzhou has issued a special plan for a sponge city, it remains
challenging to assess the effectiveness of current and future flood control facilities. Relevant
data indicate that minor ground subsidence in Xihu District occurs around the Xixi Wetland
and has not been included in the consideration.

Sustainability 2024, 16, x FOR PEER REVIEW 11 of 19 
 

level change exhibits a fluctuating upward trend (Figure 4). When conducting risk 
assessments, selecting the worst-case scenario of 0.94 m as the baseline for simulation 
ensures the effectiveness of early warning. Although Hangzhou has issued a special plan 
for a sponge city, it remains challenging to assess the effectiveness of current and future 
flood control facilities. Relevant data indicate that minor ground subsidence in Xihu 
District occurs around the Xixi Wetland and has not been included in the consideration. 

 
Figure 4. Sea level changes under extreme climate events in Zhejiang Province from 2017 to 2021. 

3. Results 
3.1. Suitability Analysis of Urban Land 
3.1.1. Spatial Distribution and Statistics of Land Suitability 

The evaluation results of urban land suitability in the study area were obtained by 
establishing the matter-element matrix and calculating the correlation function for all 
matter elements. Statistical analysis reveals that over 50% of the urban land in Xihu 
District is suitable for development. Areas deemed unsuitable constitute the second 
largest category, with both relatively suitable and unsuitable lands representing smaller 
proportions (Table 6). 

Table 6. Area statistics of different suitability grades. 

Evaluation Grade Suitable Relatively Suitable Relatively Unsuitable Unsuitable 
Area (km2) 160.70 13.82 25.60 111.18 

Percentage (%) 51.62 4.44 8.23 35.71 

Upon visualizing the data, it became possible to link the evaluation results of each 
matter element with its spatial geographic location, providing a more intuitive reflection 
of the spatial distribution of land suitability for urban development in Xihu District 
(Figure 5a). The findings suggest that areas suitable for development are concentrated 
primarily in the north and southeast. In contrast, areas relatively suitable for construction 
are found on the outskirts of these regions. Spaces categorized as relatively unsuitable for 
development are fewer and dispersed, whereas the unsuitable regions are primarily 
situated in the central and southwestern areas, encompassing existing woodlands, 
mountains, water bodies, wetlands, and so on. 

Figure 4. Sea level changes under extreme climate events in Zhejiang Province from 2017 to 2021.

3. Results
3.1. Suitability Analysis of Urban Land
3.1.1. Spatial Distribution and Statistics of Land Suitability

The evaluation results of urban land suitability in the study area were obtained by
establishing the matter-element matrix and calculating the correlation function for all
matter elements. Statistical analysis reveals that over 50% of the urban land in Xihu
District is suitable for development. Areas deemed unsuitable constitute the second
largest category, with both relatively suitable and unsuitable lands representing smaller
proportions (Table 6).

Table 6. Area statistics of different suitability grades.

Evaluation Grade Suitable Relatively Suitable Relatively Unsuitable Unsuitable

Area (km2) 160.70 13.82 25.60 111.18
Percentage (%) 51.62 4.44 8.23 35.71

Upon visualizing the data, it became possible to link the evaluation results of each
matter element with its spatial geographic location, providing a more intuitive reflection of
the spatial distribution of land suitability for urban development in Xihu District (Figure 5a).
The findings suggest that areas suitable for development are concentrated primarily in the
north and southeast. In contrast, areas relatively suitable for construction are found on the
outskirts of these regions. Spaces categorized as relatively unsuitable for development are
fewer and dispersed, whereas the unsuitable regions are primarily situated in the central
and southwestern areas, encompassing existing woodlands, mountains, water bodies,
wetlands, and so on.



Sustainability 2024, 16, 3485 12 of 19Sustainability 2024, 16, x FOR PEER REVIEW 12 of 19 
 

 
Figure 5. (a) Distribution of suitability grades of urban land; (b) land use plans of Xihu District, 2020; 
(c) overlay map of land use plans and evaluation results. 

3.1.2. Validation of Rationality Compared with Planned Land Use 
The suitability map for urban land in Xihu District, Hangzhou, was superimposed 

with the land use plans (Figure 5c), excluding areas categorized as unsuitable to enhance 
clarity. On the whole, the land planned for development aligns well with the areas 
evaluated as suitable. The northeastern part of the study area is a concentrated urban land 
adjacent to the urban center, exhibiting a high degree of continuous development. The 
northwestern and northern areas consist primarily of current croplands and agricultural 
lands, with significant potential for urban development. However, these areas require 
further evaluation to maintain a balance between urban land use and ecological 
protection. The southeastern area, near the Qiantang River, presents greater potential for 
development. 

3.1.3. Distribution of Land Suitability Grade Values 
The integrated correlation values of all matter elements to be evaluated were 

statistically analyzed, summarized, and categorized according to different suitability 
grades. Table 7 illustrates the results. 

Table 7. Statistics and distribution of correlation values for each suitability grade. 

Evaluation Grade 
Range of Values Percentage of Positive and Negative Values 

Minimum Maximum Negative Values Positive Values 
Suitable −0.46  0.17  82.73% 17.27% 

Relatively suitable −0.42  0.084  99.77% 0.23% 
Relatively unsuitable −0.44  0.27  98.82% 1.18% 

Unsuitable −0.46  0.15  99.37% 0.63% 

The correlation values of all suitability grades range from −1 to 1, with no evaluated 
elements completely failing to meet the criteria of any grade. The majority of the 
correlations are negative, with over 90% of these values corresponding to the three grades 
of suitable, relatively unsuitable, and unsuitable. The proportion of the negative 
integrated correlation corresponding to the suitable grade is more than 80%, indicating 
that only 17.27% of the areas fully meet the criteria for this grade. Similarly, most of the 

Figure 5. (a) Distribution of suitability grades of urban land; (b) land use plans of Xihu District, 2020;
(c) overlay map of land use plans and evaluation results.

3.1.2. Validation of Rationality Compared with Planned Land Use

The suitability map for urban land in Xihu District, Hangzhou, was superimposed with
the land use plans (Figure 5c), excluding areas categorized as unsuitable to enhance clarity.
On the whole, the land planned for development aligns well with the areas evaluated as
suitable. The northeastern part of the study area is a concentrated urban land adjacent to the
urban center, exhibiting a high degree of continuous development. The northwestern and
northern areas consist primarily of current croplands and agricultural lands, with significant
potential for urban development. However, these areas require further evaluation to
maintain a balance between urban land use and ecological protection. The southeastern
area, near the Qiantang River, presents greater potential for development.

3.1.3. Distribution of Land Suitability Grade Values

The integrated correlation values of all matter elements to be evaluated were statis-
tically analyzed, summarized, and categorized according to different suitability grades.
Table 7 illustrates the results.

Table 7. Statistics and distribution of correlation values for each suitability grade.

Evaluation Grade
Range of Values Percentage of Positive and Negative Values

Minimum Maximum Negative Values Positive Values

Suitable −0.46 0.17 82.73% 17.27%
Relatively suitable −0.42 0.084 99.77% 0.23%

Relatively unsuitable −0.44 0.27 98.82% 1.18%
Unsuitable −0.46 0.15 99.37% 0.63%

The correlation values of all suitability grades range from −1 to 1, with no evaluated
elements completely failing to meet the criteria of any grade. The majority of the correlations
are negative, with over 90% of these values corresponding to the three grades of suitable,
relatively unsuitable, and unsuitable. The proportion of the negative integrated correlation
corresponding to the suitable grade is more than 80%, indicating that only 17.27% of the
areas fully meet the criteria for this grade. Similarly, most of the elements in the relatively
suitable and relatively unsuitable grades tend to be more inclined to the lower grades.
Notably, 99.37% of elements in the unsuitable grade exhibit negative correlation values,
suggesting that they are nearly completely unsuitable for urban development. However,
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the few elements within the unsuitable grade that show positive correlations present an
opportunity for further investigation to determine if they could be transformed into viable
urban spaces under specific conditions.

3.2. Multi-Scenario Analysis of Sea Level Rise under Climate Change

Based on the elevation data of the study area, the analysis overlaid climate change
projections from two development paths with data on extreme sea level events to determine
sea level rises across four scenarios (Table 8).

Table 8. Sea level rise in 2100 under different scenario simulations.

Year 2021 SSP1-2.6 SSP5-8.5

Global Mean Sea Level Rise
(GMSLR) / 0.44 m 0.77 m

Extreme Sea Level Rise (ESLR) 0.94 m 1.38 m 1.71 m
Note: The global mean sea level rise is all relative to the 1995–2014 mean sea level [3]. According to the 2021
China Sea Level Bulletin, the maximum extreme sea level event in Zhejiang Province occurred in October 2021.

Subsequently, the sea level rise data were combined with the suitability evaluation
results, and the areas unsuitable for construction were eliminated. Figure 6 shows the
spatial distribution of flood risk in potential future construction areas in Xihu District under
different scenarios, along with the area and percentage of land exposed to flooding.
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The scenario analysis indicates that if urban development proceeds based on the
suitability evaluation results, 14% of the land is already susceptible to flooding during
extreme sea level events. Most of the areas are concentrated in the northern part of
the Xihu District and the surrounding area of Xixi Wetland, which also experiencemore
severe ground subsidence compared to other regions. Areas near the waterfront in the
southeastern section of the urban land experience relatively more significant impacts from
extreme weather events. Disregarding the occurrence of Extreme Sea Level Rise (ESLR),
under the low-emission climate scenario of SSP1-2.6, an estimated 20 km2 of urban land
would face the threat of flooding by 2100, accounting for 10% of all developable areas.
Under the high-emission conditions of SSP5-8.5, the area exposed to flooding increases to
26 km2, a growth of 3%. In light of future climate scenarios, if sea level rise (SLR) resulting
from climate change coincides with an ESLR of 0.94 m, the total exposed construction area
will expand to 34 km2 and 41 km2, respectively. Consequently, flood risk in the regions
adjacent to the Qiantang River will significantly escalate. In the event of ESLR under the
SSP5-8.5 scenario, the area threatened by floods reaches 20% of all construction areas. The
most severe climate change scenario could lead to a flood risk exposure level for urban
land nearly 1.5 times greater than the current tidal flood risk.

4. Discussion
4.1. Optimization of Methods for Land Suitability Evaluation

In this study, the entropy weight method and matter-element model were used to
evaluate the suitability of urban land in Xihu District, Hangzhou. The entropy weight
method determines weights according to the distribution of indicator data values, reducing
the interference of subjective elements in the process of establishing the indicator system.
The matter-element model enables the results to be accurately described both spatially and
numerically. The evaluation showed that the percentage of suitable, relatively suitable,
relatively unsuitable, and unsuitable land for construction in the study area was 51.62%,
4.44%, 8.23%, and 35.71%, respectively. Cross-validation with the land use plans indicated
that the spatial distribution of suitable land overlapped largely with the areas designated
for development, affirming the accuracy and reliability of this evaluation model.

In addition, the computational process of the evaluation model yields extensive in-
sights. Weights derived from the entropy weight method demonstrate notable variability
within classes, particularly in indicators such as land cover, temperature humidity index,
and road network density, which are pivotal in the evaluation system. For each matter-
element evaluation unit, detailed correlation analysis can be conducted to identify the
primary restrictive factors. Taking the aforementioned R1 land unit as an example, the
correlations between each indicator and evaluation grade (Table 4) indicate that, except for
road network density, all indicators of R1 meet the criteria of being suitable or relatively
suitable. Therefore, it may be necessary to enhance the accessibility of the transportation
system in future development. Similarly, the decomposition and assessment of evaluation
indicators can be carried out for other land units, which will clearly demonstrate the contra-
dictions among various influencing factors, providing refined and personalized references
for land use planning.

4.2. Recommendations for Urban Land Development Based on Suitability Evaluation

Spatially, the central mountains divide the study area into two main regions suitable
for development: the north and the south. Areas adjacent to urban centers and major rivers
typically show greater development potential, while areas with rich natural resources and
complex topography are judged to be unsuitable. Most areas suitable for construction
are concentrated in the north and southeast, but their integrated correlations with the
suitable grade are mostly negative, indicating that they do not fully meet the suitable
criteria for urban development. This discrepancy arises because the northern sector borders
the outer urban center, while the southeast primarily consists of cropland, necessitating
detailed studies and cautious planning for further spatial development. A considerable
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portion of the space in the central and southwestern areas is unsuitable for urban develop-
ment, encompassing water bodies, mountains, woodlands, and important scenic reserves.
However, some urban and rural residential lands in these unsuitable areas contradict the
evaluation results, suggesting that while they may not be ideal for urban development due
to resource limitations, they offer a desirable living environment and serve as recreation
areas combined with the surrounding scenic locales. Fewer spaces were evaluated as
relatively suitable or unsuitable, with correlations indicating a general inclination towards
unsuitability for urban development.

Overall, a significant discrepancy exists between most areas and the urban develop-
ment suitability criteria. For instance, only 17.27% of the space categorized as suitable fully
meets the construction requirements, while the remaining 82.73% have development poten-
tial to some extent. This is largely restricted by the natural resources and environmental
conditions of the study area, particularly the topography indicator. When formulating
land use plans, it is necessary to be very careful and meticulous, judging the advantages
and disadvantages of urban development comprehensively. Appropriate transformation
of urban spaces into ecological and agricultural spaces should be considered. Following
a comprehensive assessment of their positive developmental value, construction should
proceed scientifically and sustainably.

4.3. Spatial Planning Strategies Analyzing Flood Risk

Under the comprehensive scenarios of sea level rise due to climate change and extreme
climate events, the flood risk in the future built-up areas of the study area was simulated.
Based on the results of suitability evaluation and scenario analysis, the northern and
southeastern areas, which are suitable for urban development, exhibit varying degrees of
flood exposure risk. Spatial planning strategies are proposed for these regions.

The urban built-up areas are predominantly located in the northern part of the study
area, with large mountainous terrain to the east, which can to some extent mitigate the
impact on urban land during flooding and tidal events. Considering the topography and
intensive land use, priority is given to urban development in the northern area over the
southeastern area. As one of the most effective planning tools for climate change adaptation
and mitigation [38], the combination of green and gray infrastructure can maximize spatial
benefits in reducing flood risks for cities [68,69]. This applies to all available land suitable
for development within the study area.

In the northern area, a comprehensive flood risk assessment should be conducted ini-
tially for the built-up urban center. Several flood control measures need to be implemented,
including, but not limited to, the construction of flood control facilities, improvements to
drainage systems, and the implementation of an early warning system for meteorological
hazards. With the inevitable rise in impervious surfaces resulting from urban land utiliza-
tion, it is crucial to consider incorporating green infrastructure into streets, public buildings,
and open spaces during the development process. Additionally, future land development
should focus on the integration of construction land with green spaces and water bodies to
promote low-impact development [70]. The proactive implementation of pervious surfaces,
green roofs, rain gardens [69], and other infrastructures contributes to enhancing resilience
against flooding disasters. For high-risk areas, such as low-lying areas around wetlands,
the possibility of converting them into green areas or open spaces should be considered.

For the southeastern area, its topography and location conditions provide ample room
for development, but also increase vulnerability to flood threats. Unlike the northern
area, this region should prioritize ecological conservation and moderately promote urban
development under reasonable guidance. For example, it is necessary to prioritize the
protection of riverbank areas and wetlands and establish stream buffer zones, local natural
regeneration areas, and rainwater parks [71]. For large tracts of existing cropland, selective
fallowing and reforestation should be undertaken to increase forest greening and optimize
vegetation structure appropriately. Additionally, the effective utilization of waterfront
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spaces and the rational planning of canals, wetlands, and ecological parks as water storage
and detention areas can both be considered strategies to mitigate flood risk [72].

5. Conclusions

The evaluation of urban land suitability in Hangzhou’s Xihu District and the analysis
under multiple climate change scenarios help the urban system better cope with the
challenges of climate change. The empirical insights delivered by the evaluation results are
as follows: (1) More than half of the land in the study area is suitable for construction, and
the spatial distribution is basically consistent with the current planned urban land. (2) The
study area has a higher proportion of land unsuitable for construction compared to other
urban areas in Hangzhou, necessitating careful planning for non-construction areas based
on specific spatial development needs. (3) Approximately 10–20% of the urban land in the
study area may be threatened by flooding in the next century, primarily concentrated in the
northern and southeastern regions. (4) In addition to coping with flood risk due to climate
change, urban land should improve its resilience to extreme weather events.

The application of the entropy weight and matter-element model optimizes the method
of land suitability evaluation. It not only accurately displays the spatial distribution, but
also analyzes the development strengths and limiting factors of each land unit. Based on
evaluation results and flood risk simulations under climate change, this study proposes
spatial planning strategies for key research areas, including construction land layout, the
implementation of gray–green infrastructure, and land function replacement, providing
decision-making references for addressing flood risk and mitigating climate change.

In formulating conclusions from this study, several limitations should be considered.
In the process of multi-scenario analysis, predictions of flood risk exposure due to climate
change were reliant on existing land suitability zoning. It is rooted in the assumption that
land suitability will persist unchanged in the future. However, the dynamism inherent
in urban land use patterns challenges this assumption. Concerning the indicators of land
suitability, the preferences of planning decision-makers and the role of public participation
have been overlooked, presenting potential additional influencing factors.

In future research, careful attention should be devoted to understanding the evolving
characteristics of land suitability under various climate change scenarios. Furthermore,
expanding relevant research to include broader urban regional scales is recommended.
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