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Abstract: In the context of global climate change and urban expansion, extreme urban weather events
occur frequently and cause significant social problems and economic losses. To study the climate
risks associated with rapid urbanization in the global context of climate change, the vulnerability
degree of urban agglomeration is constructed by the Grey Model (GM (1, 1)). Based on the sixth
phase of the Coupled Model Intercomparison Project (CMIP6) data sets SSP1-2.6, SSP2-4.5, and
SSP5-8.5, drought, heat wave, and flood hazards under different emission scenarios are calculated.
The vulnerability degree of the urban agglomeration and the climate change hazard were input into
the climate change risk assessment model to evaluate future climate change risk. The analysis results
show regional differences, with the Beijing–Tianjin–Hebei urban agglomeration having good urban
resilience, the Yangtze River Delta urban agglomeration having slightly higher overall risk, and the
Pearl River Delta urban agglomeration having the highest relative risk overall. On the whole, the
higher the emission intensity is, the greater the risk of climate change to each urban agglomeration
under different emission scenarios.

Keywords: climate change; urban agglomeration; drought; heat wave; flood; risk assessment; GM (1, 1)

1. Introduction

The global climate system has significantly warmed in the past century, with the global
average surface temperature increasing by approximately 0.9 ◦C from 1900 to 2018 [1].
China has a high incidence of extreme weather events. In the context of global warming
and high incidence of extreme weather events, this paper studies the inherent relationship
between the high incidence of extreme weather events and climate warming. The multi-
scenario risk assessment of drought, high temperature, heat wave, and flood under climate
change and urban expansion is a hot topic in urban sustainable development. In this
paper, we predict the risks of drought, heat wave, and flood during the next 30 years based
on the BCC-CSM2-MR data sets SSP1-2.6, SSP2-4.5, and SSP5-8.5. This paper focuses on
the climate change risks to the three major urban agglomerations: Beijing–Tianjin–Hebei,
Yangtze River Delta, and Pearl River Delta in China, which is significant for the study of
climate change risks to large urban agglomerations in other countries.

In their research, domestic and foreign scholars have carried out many studies on the
responses of urban agglomerations to climate change. According to the Intergovernmental
Panel on Climate Change (IPCC)’s Fifth Assessment Report (AR5) [2], climate change risk
is quantified as a function of hazard, exposure, and vulnerability. However, there are
two shortcomings at present. First, previous climate change risk studies focused on the
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risk of a certain disaster in a particular city; however, in the context of climate change,
more attention should be paid to the risk of multiple disaster types and complex disaster-
bearing bodies, and the evolution characteristics of each disaster risk in time and space
are also worth examining [3–5]. Second, a large number of studies have focused more on
internal factors and climate risks such as hazards, exposure, and vulnerability [6,7], while
ignoring the risk forcing of external factors such as urbanization and climate change [8].
According to the United Nations Strategy for Disaster Reduction (ISDR), climate change
and urbanization are the two main factors that make human beings more vulnerable to
disasters [9]. Though the AR5 delineates exposure as a separate component of the risk, in
this study, we included exposure as an integral part of the vulnerability. Therefore, the
vulnerability degree of an urban agglomeration is defined based on the comprehensive
consideration of exposure and vulnerability. The concept of vulnerability involves different
disciplines and professional fields such as sociology, economics, and disaster management.
In this paper, the vulnerability degree of an urban agglomeration refers to the degree to
which the social system affected by climate pressure and the urbanization process has been
damaged because of its own sensitivity and vulnerability. Hazard, as the core of climate
change risk, is used to identify the location and intensity of weather events such as drought,
heat wave, and floods [10]. Based on the vulnerability of urban agglomerations and the risk
of climate change, this paper establishes a basic model for climate change risk assessment.

The three major urban agglomerations along the east coast of China are important
engines of regional economic and social development; however, they are also vulnerable to
climate change. Edward pointed out that the impacts of sea level rise and extreme weather,
such as heat waves and floods, have seriously affected the economic life of coastal cities,
and it is very important to adapt to the impact of climate change on coastal cities through
economic construction and emergency response [11]. Global warming, melting glaciers,
and the rising sea level have a huge impact on coastal cities, making them more vulnerable
to rainstorms and floods [12,13]. With the acceleration of urbanization and the impact
of global warming, the frequency and intensity of extreme events such as droughts, heat
waves, and floods increase, which has a huge impact on the power supply, water supply,
and transportation in urban infrastructure [14,15]. In this paper, the vulnerability of urban
agglomerations and the hazard of climate change are input into the climate change risk
assessment model to comprehensively estimate the future climate change risks to the three
major urban agglomerations in eastern China. The combination of natural ecosystems and
socioeconomic systems can help to control the degree and probability of the impact of
climate change on the three major urban agglomerations. This can provide a scientific basis
for disaster prevention and mitigation, and emergency response in cities.

2. Research Area

With the acceleration of urbanization, population and industries have been concen-
trated in the eastern coastal areas of China, forming three city clusters: Beijing–Tianjin–
Hebei, Yangtze River Delta, and Pearl River Delta [16]. These generally have a large
population density and rapid economic development. At the same time, a nationally
important transport hub exists around the port and the nuclear power plant, which means
that the degree of exposure and vulnerability of these urban agglomerations to disasters
and large economic losses is bigger than other cities. Therefore, eastern China’s urban
agglomeration, with the highest level of national economic contribution, has become a
potential large-scale disaster-bearing body.

In the eastern coastal area with the largest population density distribution and the
highest level of national economic development, the three urban agglomerations of Beijing,
Tianjin, and Hebei, the Yangtze River Delta, and the Pearl River Delta are the most mature
and competitive urban agglomerations in China [17]. Table 1 shows their location infor-
mation and basic characteristics while Figure 1 shows their geographical distribution and
the prefecture-level cities they contain. With the rapid growth of China’s economy and the
continuous evolution of its cities, urban agglomeration has gradually become the symbol of
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a higher stage of urban development. It can strengthen the interconnection among various
cities, promote the process of economic integration, and encourage the rapid growth of the
regional economy. On the other hand, because of the high concentration of resources, envi-
ronment, ecosystem, and social economy in urban agglomerations, they have a stronger
impact on the exposure, sensitivity, and vulnerability to extreme weather events, and the
risk to them from climate change is significant. Therefore, studying the climate, economic
change characteristics, and development laws of these three urban agglomerations is of
great significance for promoting their social development process as the main bodies in
China and the balanced and stable development of various regions.
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Figure 1. Distribution and names of the three major urban agglomerations in China.

Table 1. Three urban agglomerations in China and their basic characteristics.

Name Range Geographical
Position Basic Characteristics

Beijing–Tianjin–
Hebei Urban

Agglomeration

With Beijing, Tianjin
as the center,

including
Shijiazhuang,

Baoding,
Zhangjiakou,

Tangshan,
Qinhuangdao,

Langfang, Cangzhou,
Chengde.

Located north of the
North China Plain,

the center of
Northeast Asia in

China, bordering on
Bohai Sea.

It covers an area of
183,088 km2, has a
population of 90.09

million, and a GDP of
CNY 7.70 trillion. It is the
capital economic circle of
China and the largest and

most dynamic area.
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Table 1. Cont.

Name Range Geographical
Position Basic Characteristics

Yangtze River
Delta Urban

Agglomeration

With Shanghai and
Nanjing as the center,

including Suzhou,
Wuxi, Changzhou,

Zhengjiang, Nantong,
Yangzhou, Taizhou

(in Jiangsu),
Hangzhou, Ningbo,

Jiaxing, Huzhou,
Shaoxing, Zhoushan

and Taizhou (in
Zhejiang).

Located in the lower
reaches of the
Yangtze River,

bordering on the
Yellow Sea and the

East China Sea, with
many ports, it is an

impact plain formed
before the Yangtze

River enters the sea.

The area is 132,065 km2,
with a population of

11.47 million and a GDP
of CNY 15.02 trillion. It is

an important zone
between the „one belt,

one road” and the
„Yangtze River Economic

Belt” and is the most
densely distributed area

and largest economic
zone in China.

Pearl River
Delta Urban

Agglomeration

With Guangzhou,
Shenzhen as the
center, including
Zhuhai, Foshan,

Jiangmen, Dongguan,
Zhongshan, Huizhou,

Zhaoqing.

It is located at the
Pearl River estuary in
the south central part

of Guangdong
Province. It is

adjacent to Hong
Kong and Macao.

It has an area of 55,061
km2, population of 0.63

million and a GDP of
CNY 8.10 trillion. As one

of the most dynamic
economic groups in the
Asia Pacific region, it is
also the gateway for the
southern region to open
up to the outside world.

Note: the data are calculated according to the China Statistical Yearbook 2018 and the statistical yearbook of relevant
provinces (cities) for 2018.

3. Data and Methods
3.1. Data
Data Sources

The historical climate data were taken from the National Meteorological Information
Center of China (http://data.cma.cn (accessed on 22 November 2021)). The meteorological
stations of Beijing–Tianjin–Hebei, Yangtze River Delta, and Pearl River Delta were selected.
To maintain the homogeneity of the data, this paper selected the daily average temperature
(unit: ◦C), daily average precipitation (unit: mm), daily maximum temperature (unit: ◦C),
monthly average temperature (unit: ◦C), and relative humidity (unit: %) from 1981 to 2019.

The social and economic data used in this paper were taken from the China National
Statistical Center (http://www.bjstats.gov.cn (accessed on 22 November 2021)). The China
Statistical Yearbook provided the GDP per capita (unit: yuan), permanent population (unit:
thousand), urban population (unit: thousand), urban area (unit: thousand ha), total area
(unit: thousand ha), and proportion of primary industry in the GDP (unit: %) of the
Beijing–Tianjin–Hebei, Yangtze River Delta, and Pearl River Delta urban regions from 1981
to 2019.

The future climate scenario data came from the BCC-CSM2-MR climate model of
the sixth phase of the Coupled Model Intercomparison Project (CMIP6). The model uses
320 (longitude) * 160 (latitude) grid points to cover the globe. It is newly developed
by the National Climate Center. The ability of the BCC-CSM2-MR climate model to
simulate the climate mean state and global warming trend, quasi-biennial oscillation
(QBO), tropical intraseasonal oscillation (MJO), and diurnal variation in precipitation for
the 20th century has significantly improved [18]. In this paper, daily temperature (unit: ◦C),
daily precipitation (unit: mm), and daily relative humidity (%) from 2020 to 2050 were
selected. Three emission scenarios, SSP1-2.6, SSP2-4.5, and SSP5-8.5, were selected for
the climate prediction experiment (https://esgf-node.llnl.gov/search/cmip6/ (accessed
on 22 November 2021)). Table 2 shows the main characteristics of various representative
concentration paths.

http://data.cma.cn
http://www.bjstats.gov.cn
https://esgf-node.llnl.gov/search/cmip6/


Sustainability 2021, 13, 13037 5 of 21

Table 2. Main characteristics of various representative concentration paths.

Scenario Component SSP1-2.6 SSP2-4.5 SSP5-8.5

Radiative forcing 2.6 Wm−2 4.5 Wm−2 8.5 Wm−2

Greenhouse gas emission Very low Medium-low High

3.2. Method

In this paper, the AHP is used to construct the vulnerability assessment system of the
three major urban agglomerations. Using an integrated meteorological drought index, heat
wave index, and flood index, the risk to the three urban agglomerations of meteorological
disasters was evaluated. In this paper, the vulnerability of urban agglomerations and
the hazard of climate change were input into the climate change risk assessment model
to comprehensively estimate the future climate change risk to the three major urban
agglomerations in eastern China. Figure 2 shows the flow chart of climate change risk
assessment. The specific methods are as follows:
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3.2.1. Grey System Model GM (1, 1)

The GM (1, 1) model constructed by Deng is a method to solve the lack of data and
shortage of information, and create a fuzzy long-term description of the law of development
of things [19]. Socioeconomic data include the GDP per capita (unit: yuan), permanent
population (unit: thousand), urban population (unit: thousand), urban area (unit: thousand
ha), total area (unit: thousand ha), and proportion of primary industry in the GDP (unit: %).
As the data are affected by many factors, it was difficult to use a single linear trend for
effective prediction. Therefore, this paper used the GM (1, 1) to predict the socioeconomic
data from 2020 to 2050. The GM (1, 1) is a method to solve the problems of insufficient data,
poor information, and high fitting accuracy [20]. The GM (1, 1) uses differential equations
to fully explore the essence of the system. This theory takes a small amount of irregular
raw data as samples and organizes them in a regular series after data accumulation [21].
Then, a reduction process is performed to obtain the forecasted data for the target year.
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Let the original variable be X(0) =
{

X(0)(i), i = 1, 2, . . . , n
}

, X(0)(i) ≥ 0. By adding

X(0), we obtain the following results:

X(1) =
{

X(1)(k), k = 1, 2, . . . , n
}

(1)

where

X(1)(k) =
k

∑
i=1

X(0)(i) = X(1)(k− 1) + X(0)(k) (2)

The following differential equations were established to create the GM (1, 1) model:

dX(1)

dt
+ aX(1) = u (3)

3.2.2. Analytic Hierarchy Process

The AHP is a decision analysis method that decomposes factors related to decisions
and conducts qualitative and quantitative analyses [22]. When facing a complex problem,
it conducts a deeper analysis of its internal influencing factors and uses less quantitative
information to mathematically carry out the decision-making process. This method is
widely used at present [23]. Its basic principle is to decompose the decision-making process
into different hierarchical structures. Experts assign quantitative scores according to the
relative importance of each element to construct a judgment matrix A.

The calculation results of the matrix must pass a consistency test to avoid the contra-
dictory situation where A is more important than B, B is more important than C, and C is
more important than A for each internal element [24]. CI is a consistency indicator. Smaller
values of CI indicate greater consistency. RI is a random consistency index, which is related
to the order of the judgment matrix. In general, the greater the order of the matrix, the
greater the possibility of random consistency deviation.

The random consistency ratio further evaluates the judgment matrix.

CR = CI/RI (4)

When CR is less than 0.1, matrix A is considered to have satisfactory consistency;
otherwise, the judgment matrix must be revised.

To better evaluate the vulnerability degree of urban agglomeration, this paper stan-
dardized the above data and used the AHP to determine the weight of the GDP per unit
area, the population density, the population urbanization rate, the proportion of urban area
in total area, and the proportion of primary industry in the GDP (see Appendix A).

3.2.3. Vulnerability of the Carrier

This paper selected the GDP per unit area, the population density, the population
urbanization rate, the proportion of urban area in the total area, and the proportion of
primary industry in the GDP as the indicators of the vulnerability of the carrier.

The index analysis model of the vulnerability degree evaluation index system is
as follows:

Z = ΣUiWi (5)

where Z is the vulnerability degree of each coastal urban area; this paper divided the GDP
per unit area, the population density, the population urbanization rate, the proportion
of urban area in total area, and the proportion of primary industry in the GDP into five
grades: Ui is the grade of the i-th index in an urban area; Wi is the weight of index i, which
was obtained with the AHP (see Table 3).
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Table 3. Analytic hierarchy process.

Population Density
(People/km2)

GDP per Capita
(Thousand Yuan)

Population
Urbanization rate

Proportion of Urban
Area to Total Area

Proportion of Primary
Industry in GDP

1 <200 <20 <0.5 <0.15 <6.4
2 200–500 20–50 0.5–0.6 0.15–0.30 6.4–12.7
3 500–1000 50–80 0.6–0.7 0.30–0.50 12.7–17.7
4 1000–1500 80–100 0.7–0.8 0.50–0.70 17.7–28.2
5 >1500 >100 >0.8 >0.7 >28.2

weight 0.31 0.29 0.12 0.13 0.15

See Appendix A for the calculation process.

3.2.4. Calculation of Meteorological Risk Index

In this paper, the hazard of climate change refers to drought, heat wave, and flood.
The comprehensive meteorological drought index, heat wave index, and flood index
were calculated to describe the hazard degrees of the three meteorological disasters. The
following are the calculation methods of the three indexes.

A: Comprehensive Meteorological Drought Index

The comprehensive meteorological drought index (CI) was used to analyze the
spatiotemporal characteristics of drought in the three urban agglomerations in eastern
China [25]. The smaller the value of the CI, the greater the absolute value, indicating that
the drought in this region is more serious. It reflects the drought situation of a certain
region on a long time scale and has been widely used since it was first proposed [26]. The
comprehensive meteorological drought index (CI) is calculated by the following formula:

CI = aZ30 + bZ90 + cM30 (6)

where: a is 0.4; b is 0.4; c is 0.8. Z30 and Z90 are the standardized precipitation index (SPI)
values in the last 30 and 90 days, respectively, and M30 is the relative humidity index in the
last 30 days. The specific calculation process has been detailed in the literature [27].

B: Heat Wave Index

The heat wave index reflects the duration of extremely high temperatures because
China occupies a vast area with a large regional climate difference, and its tolerance to
high temperatures is variable [28]. In this paper, the local daily meteorological data from
May to September from 1981 to 2019 were used to first calculate the torridity index of the
samples whose maximum temperature was greater than 33 ◦C. After sorting the torridity
index sequence into ascending order, the median was selected as the local critical value
of torridity, which represents the comfort level of the human body with respect to the
meteorological environment [29].

The torridity index (Er) is calculated by the following formula:

When RH ≤ 60%, Er = 1.8× Ta − 0.55× (1.8× Ta − 26)× (1− 0.6) + 32 (7)

When RH > 60%, Er = 1.8× Ta − 0.55× (1.8× Ta − 26)× (1− RH) + 32 (8)

where Ta represents ambient temperature/◦C and RH stands for average daily relative
humidity/%.

After calculating the torridity index, the heat wave index (Hi) is calculated as follows:

HI = 1.2×
(
Er− Er′

)
+ 0.35

N−1

∑
i=1

1/ndi
(
Eri − Er′

)
+ 0.15

N−1

∑
i=1

1
ndi

+ 1 (9)
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where i is the previous day, and the number of days from day i before the day is ndi. The
torridity index of the day is Er, the critical value of torridity is Er’, and the torridity index
of day i before the day is Eri.

C: Flood Index

The flood index (FI) is based on the cumulative precipitation of a region for 3 consecu-
tive days.

FI =
N+2

∑
i=N

Pi (10)

where Pi is the precipitation on day i of a city, and Pi is in units of mm.

3.2.5. Climate Change Risk Assessment Model

Disaster risk generally considers disaster-causing factors and the disaster-bearing body:

Risk = Hazard ∗ Vulnerability (11)

Disaster risk is equal to the product of disaster hazard and vulnerability of the disaster-
bearing body [30].

This paper improved the disaster risk model to better describe the impact of climate
change and urbanization on assessing the climate change risk.

R = (D + H + F) ∗ V (12)

where R represents the risk of climate change, D represents the drought hazard, H repre-
sents the heat wave hazard, F represents the flood hazard, and V represents the vulnerability
of urban agglomerations.

4. Results and Discussion
4.1. Vulnerability of Three Urban Agglomerations from 1981 to 2019

China’s three major urban agglomerations are all located in the eastern coastal areas.
Most of the country’s infrastructure was built in the 21st century. Science and technology
are the fundamental driving forces for us to improve the level of disaster tolerance. With
meteorological risk and disaster occurrence rising yearly, it is very important to evaluate
the climate change tolerance of these rapidly developing urban agglomerations.

This paper considered the three major urban agglomerations in eastern China as the
research area and their social conditions as the research object to analyze through the
following indicators:

According to the theory of natural disaster systems, the above five indicators were
selected and stratified [31]. To better evaluate vulnerability, this paper standardized the
above data and used the AHP to determine the weight of the five elements in the evaluation
of the vulnerability degree of the carrier (see Table 3).

The vulnerability degree was divided into five registration regions according to the
values of each vulnerability degree: the lowest vulnerability, low vulnerability, medium
vulnerability, high vulnerability, and the highest vulnerability, and the spatial description
and expression were mapped, as shown in Figure 3.

Figure 3 shows that the vulnerability degree of each urban agglomeration was rela-
tively low in 1985, then increased over time. The main reason is that the three major urban
agglomerations were expanding with the continuous advancement of urbanization and
inward population migration. As a major component of the natural ecosystem, human
beings are in a fragile and vulnerable state. The rapidly increasing population density
increases the vulnerability of urban agglomerations. In addition, it can be seen from the
figure that the high vulnerability in 2015 was mainly concentrated in the first-tier cities
Beijing, Tianjin, Nanjing, Wuxi, Suzhou, Shanghai, Foshan, Guangzhou, Shenzhen, and
Dongguan. In the vulnerability assessment of urban agglomerations, a higher GDP means
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higher economic benefits for the city and higher risks to the city when meteorological
disasters strike. On the whole, among the three major urban agglomerations in 2015, the
most vulnerable urban area was the Yangtze River Delta, which is also currently the city
agglomeration with the largest GDP output among the three major urban agglomerations,
contributing approximately one-fifth of the national GDP. Compared with the Yangtze
River Delta and the Pearl River Delta, the vulnerability degree of the Beijing–Tianjin–Hebei
urban agglomeration was generally lower, which was consistent with its economic develop-
ment in recent years. During this time, the economic development gap between Beijing and
Tianjin, and other cities in the Beijing–Tianjin–Hebei region has become increasingly obvi-
ous. There is a significant gap between the rich and the poor in the Beijing–Tianjin–Hebei
urban agglomeration.
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4.2. Risk of Meteorological Disasters in Urban Agglomerations from 1981 to 2019
4.2.1. Comprehensive Meteorological Drought Index

Figure 4 shows the geographical distribution of the annual average drought index in
the three eastern coastal urban agglomerations. The smaller the CI value is, the drier the
region is. From this, we can see that the Beijing–Tianjin–Hebei region generally presented
the characteristics of wetness in the west and dryness in the east [32]. The drought index in
the Yangtze River Delta region gradually decreased from south to north, with the drought
degree in the northern part notably stronger than in the southern part. The reason for this
is that, in the plum rain season, the western Pacific Ocean brings much water vapor from
south to north, and the Yangtze River Delta urban agglomeration maintains steady and
sustained precipitation. The distribution of the drought index in the Pearl River Delta
region was lower in the northwest and higher in the southeast. The reason for this may be
that the West Pacific subtropical high brought much water vapor and precipitation to the
southeast of the Pearl River Delta, therefore the drought index in the southeast direction
was greater.
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Overall, the western part of the Beijing–Tianjin–Hebei region is located on the North
China Plain, and the integrated meteorological drought index CI was minimal. The Beijing–
Tianjin–Hebei region was the driest among the three major coastal urban agglomerations
in eastern China, followed by the Yangtze River Delta and the Pearl River Delta, which had
the lowest drought index. Located in the southeastern coastal area of China, the Pearl River
Delta urban agglomeration is closer to the ocean and has abundant water vapor. From
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its definition, we can see that the factors affecting the strength of the drought index were
precipitation and potential evapotranspiration. Therefore, the drought index of southern
coastal cities was larger than that of northern inland cities, and the drought situation of the
three urban agglomerations had a spatial trend of drying from south to north.

4.2.2. Heat Wave Index

Figure 5 shows the geographical distribution of the annual average number of heat
wave days in the three urban agglomerations from 1981 to 2019. According to the definition
of heat waves, the factors influencing the magnitude of the heat wave index include
ambient temperature and relative humidity. Summer is the season of the year’s highest
temperatures; during the day, temperatures rise faster inland than in coastal areas, and the
relative humidity is lower. In the Beijing–Tianjin–Hebei and Yangtze River Delta urban
agglomerations, the number of heat wave days was higher in the west and lower in the
east, while, in the Pearl River Delta region, the number was higher in the north and lower
in the south. Therefore, the geographical distribution of heat wave days in the three urban
agglomerations was reasonable.
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In addition, we can also see that the maximum number of heat wave days occurred in
Zhaoqing in the Pearl River Delta, and the minimum number was near Qinhuangdao in
the Beijing–Tianjin–Hebei area. This is because the Pearl River Delta urban agglomeration
is in low latitudes and Zhaoqing is the most interior of the Pearl River Delta cities. During
the year, the ambient temperature is higher, and the relative humidity is lower in summer.
As a result, the Pearl River Delta had more heat wave days. As Qinhuangdao is located in
northern China, the environmental temperature in summer was lower than that in southern
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China. It is also located in the offshore area, which is affected by the sea breeze, and,
therefore, Qinhuangdao had lower temperatures and higher ambient humidity. Therefore,
Qinhuangdao had the lowest average number of heat wave days. In general, the number
of heat wave days in Chinese cities mainly depends on the geographical location, with
obvious spatial agglomeration and distribution [33].

4.2.3. Flood Index

The annual mean geographical distribution of the flood index in the three urban
agglomerations is shown in Figure 6. In the last 39 years, the spatial pattern of precipitation
in the Beijing–Tianjin–Hebei urban agglomeration was more in the east and less in the
west, which was mainly because of the different terrain features and urban development in
the Beijing–Tianjin–Hebei region. Zhangjiakou lies near the Taihang Mountains, a region
where descending air and dry adiabatic warming causes the temperature to rise. With
less atmospheric moisture and higher temperatures, the flood index near Zhangjiakou
was the lowest of the regions studied [34]. The flood index value of the Yangtze River
Delta urban agglomeration gradually decreased from south to north because the amount
of water vapor brought from the Pacific Ocean was higher in the south, therefore there was
more precipitation. The Pearl River Delta urban agglomeration is located in the subtropical
monsoon climate zone, and its flood index value was the largest among the three cities,
showing a trend of being higher in the south and lower in the north. Precipitation mainly
occurs in the westerly belt of the subtropical high and is also affected by weather systems
such as typhoons. The region is also affected by the intertropical convergence zone. The
Pearl River Delta region thus received the most precipitation [35].
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4.3. Vulnerability Degree of Urban Agglomeration in 2020–2050

In the context of global warming, extreme meteorological events occur frequently,
posing a serious threat to the future and human development. The impact of these me-
teorological disasters on human beings depends not only on the severity of the disasters
themselves but also on social and economic factors such as population and social struc-
ture [36]. Therefore, predicting the vulnerability of urban agglomerations during 2020–2050
is crucial to assessing the risk of future climate change.

Based on the Grey model GM (1, 1), this paper predicted the population, GDP, and
other social and economic factors from 2020 to 2050. We standardized the above data
and used the AHP to determine the weight of the five elements in the evaluation of
the vulnerability degree of the carrier, including population density, GDP per capita,
population urbanization rate, proportion of urban area in total area, and proportion of
primary industry in the GDP. The vulnerability of the urban agglomeration in 2020–2050
was calculated, and the spatial description and expression were carried out as shown
in Figure 7.
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Compared with the meteorological disaster risk, which mainly focuses on extreme
weather events, the vulnerability degree of urban agglomerations is more concerned with
the role of humans and the GDP [37]. In this paper, the vulnerability degree of urban
agglomeration refers to the degree to which the social system, with regards to how it is
affected by climate pressure, has been damaged because of its own sensitivity and vulnera-
bility. As shown in Figure 6, the high vulnerability of the three urban agglomerations in the
future will mainly be concentrated in the new first-tier cities: Beijing in the Beijing–Tianjin–
Hebei region, Shanghai in the Yangtze River Delta region, and Shenzhen and Guangzhou in
the Pearl River Delta region. With the rapid development of the economy, these cities will
bear an increasing population. As the main component of the natural economy, the rapid
increase in population increases the vulnerability of cities. In general, the vulnerability
of the three major urban agglomerations in the future will mainly be concentrated in the
Yangtze River Delta and the Pearl River Delta. In comparison, the future vulnerability of
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the Beijing–Tianjin–Hebei region in China is relatively low, and its resistance to extreme
disaster events is stronger.

4.4. Climate Change Hazard in Urban Agglomerations under Different Emission Scenarios during
2020–2050

Based on the climate scenarios of SSP1-2.6, SSP2-4.5, and SSP5-8.5 according to CMIP6
in the near and middle periods (2020–2050), this paper obtained future meteorological
elements such as daily mean temperature, daily maximum temperature, daily precipitation,
and daily relative humidity under different scenarios. The comprehensive meteorological
drought index (CI), heat wave index (HI), and flood index (FI) were calculated to quanti-
tatively evaluate the hazard of climate change in urban agglomerations under different
emission scenarios from 2020 to 2050.

Based on the comprehensive meteorological drought index, heat wave index, and
flood index, this paper calculated the mild, moderate, and severe occurrence frequencies of
drought, heat wave, and extreme flood events. As shown in Table 4, this paper obtained
the hazard level of extreme events in different regions based on the method of overlap
analysis. Overlap analysis involves the overlay of mild, moderate, and severe drought,
heat wave, and flood maps to generate a new data layer with attributes.

Table 4. Extreme event hazard classification index system.

Index Mild Moderate Severe

CI −1.2 < CI ≤ −0.6 −1.8 < CI ≤ −1.2 CI ≤ −1.8
HI 2.8 ≤ HI < 6.5 6.5 ≤ HI < 10.5 HI ≥ 10.5
FI 30 mm < FI ≤ 50 mm 50 mm < FI ≤ 70 mm FI ≥ 90 mm

Figure 8 shows the hazards of extreme meteorological events such as drought, heat
wave, and flood under different emission scenarios. As seen in Figure 8A–C, among the
three urban agglomerations, the drought hazard of Beijing–Tianjin–Hebei will be the largest,
followed by the Pearl River Delta region, and, finally, the Yangtze River Delta region. The
serious drought in the Pearl River Delta is mainly due to the high annual temperature in
the Pearl River Delta region and the long-term absence of precipitation in a specific season,
which lead to the frequent occurrence of winter and spring drought. At the same time,
with the increase in greenhouse gas emission intensity, the drought hazard in Beijing and
Tianjin will have an increasing trend. On the one hand, Beijing and Tianjin are located
in the North China Plain at high latitudes, which makes it difficult for warm and wet air
from the ocean to reach the Beijing–Tianjin–Hebei city region. On the other hand, with
the increase in greenhouse gas emissions and the further aggravation of global warming,
temperatures in the Beijing–Tianjin–Hebei urban agglomeration are also increasing. In
addition, Beijing and Tianjin, as two super large first-tier cities in the Beijing–Tianjin–Hebei
urban agglomeration, have obvious urban heat island effects. Therefore, Beijing and Tianjin
will have the greatest hazard of drought in the future.

As seen from the middle row (D, E, F) of Figure 8, the hazard of heat waves will be the
lowest in the Beijing–Tianjin–Hebei urban agglomeration, followed by the Yangtze River
Delta, and the highest in the Pearl River Delta urban agglomeration, from 2020 to 2050.
Solar radiation decreases with increasing latitude, therefore the hazard of heat waves will
gradually decrease from south to north. However, the hazard of heat waves in some cities
in the Yangtze River Delta will also be relatively high because the Yangtze River Delta
city cluster is located in the middle and lower reaches of the Yangtze River. In summer,
under the subtropical high, atmospheric subsidence prevails and the temperature rises
rapidly, forming a summer drought. At the same time, the hazard of heat waves is also
relatively high. With the increase in emissions, the heat wave hazard of the three major
urban agglomerations on the east coast of China will continue increasing.
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From the bottom row (G, H, I) of Figure 8, it can be seen that the flood hazard of the
three major urban agglomerations in 2020–2050 will be concentrated in the middle and
lower reaches of the Yangtze River. That is, the Yangtze River Delta urban agglomerations
will have the greatest flood hazard, while the Pearl River Delta urban agglomerations in
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the low latitudes will have the middle flood hazard, and the Beijing–Tianjin–Hebei region
in the middle and high latitudes will have the least flood hazard. The main reason for this
is that there are many plains in the middle and lower reaches of the Yangtze River, and
the terrain is relatively low and flat. Flooding mainly depends on the precipitation. The
Yangtze River Delta urban agglomeration is located in the monsoon climate zone with
heavy rain in summer. Huang pointed out that approximately 46% of the world’s regions
may suffer from moderate or high hazards of extreme precipitation changes in the future.
The frequency of extreme precipitation events will increase under the RCP8.5 scenario,
and most regions will show high flood hazards [38]. There was no significant difference in
the spatial distribution of flood hazards under the three scenarios analyzed in this paper
(SSP1-2.6, SSP2-4.5, and SSP5-8.5); however, with the increase in emission intensity, the
disaster hazard of floods increased.

Based on the hazard assessment of drought, heat wave, and flood, and according to the
spatial distribution pattern of meteorological disasters, this paper regionalized the hazards
of climate change in the three major urban agglomerations in eastern China [39], as shown
in Figure 9. It can be seen from the figure that the Pearl River Delta urban agglomeration
will experience the greatest hazard of climate change, followed by the Yangtze River Delta,
and the Beijing–Tianjin–Hebei urban agglomeration. The hazard of climate change will
gradually decrease from south to north. With the increase in emission intensity, the climate
change hazard of SSP5-8.5 in the high emission scenario will cause the largest changes.
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4.5. Climate Change Risk Zoning of Urban Agglomerations under Different Emission Scenarios
during 2020–2050

In this paper, the disaster risk was divided into two parts: the disaster-causing factor
and the bearing body. Drought, heat wave, and flood were regarded as disaster-causing
factors, and urban agglomerations were regarded as bearing bodies. Disaster risk was equal
to the product of disaster risk and the vulnerability of the disaster-bearing body. Therefore,
these factores were brought into the climate change risk assessment model to obtain the
climate change risk to the three urban agglomerations under different emission scenarios.

Figure 10 shows that the future climate change risk to the Beijing–Tianjin–Hebei urban
agglomeration will mainly be concentrated in Beijing and Tianjin, which have higher
populations and GDPs. Therefore, when large meteorological disasters occur, these two
urban agglomerations will be more vulnerable to risks, while other cities in the Beijing–
Tianjin–Hebei region will show good urban resilience. However, the climate change risk to
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the Yangtze River Delta urban agglomeration will be different, the regional coordination is
not consistent and the overall risk will be slightly stronger than that to the Beijing–Tianjin–
Hebei urban agglomeration. In addition, the risk of climate change will be high in the
Pearl River Delta urban agglomeration, among which Guangzhou and Shenzhen are the
cities with the highest risk in the entire Pearl River Delta region. Overall, the higher the
emission intensity, the greater the risk of climate change in each urban agglomeration; this
conclusion was also consistent with the previous research results [38,40].
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5. Conclusions and Discussion

The risk of climate change to the three major urban agglomerations in eastern China is
the result of the combined effects of climate factors and social and economic factors, which
need to be cross-analyzed by multiple disciplines and fields. To solve this problem, we se-
lected a climate change risk assessment model as a bridge between natural science analysis
and humanistic socioeconomic analysis. The vulnerability degree of urban agglomerations
and the hazard of climate change were input into the climate change risk assessment model.
Based on the perspective of climate change economics, this paper analyzed the risk of
climate change to the three major urban agglomerations in eastern China.

In terms of vulnerability, high vulnerability was mainly concentrated in Beijing, Tian-
jin, Nanjing, Wuxi, Suzhou, Shanghai, Foshan, Guangzhou, Shenzhen, Dongguan, and
other first-tier cities as well as new first-tier cities. These cities tend to be associated with
a higher GDP and population, and they are at a higher risk when meteorological dis-
asters strike. On the whole, among the three urban agglomerations, the Yangtze River
Delta region was the most vulnerable, followed by the Pearl River Delta region, and the
Beijing–Tianjin–Hebei region.

With climate change, drought characteristics in the north and south have changed. In
general, the Beijing–Tianjin–Hebei urban agglomeration will have the largest drought haz-
ard in the future, followed by the Pearl River Delta urban agglomeration, and the Yangtze
River Delta urban agglomeration. The hazard of heat wave in urban agglomerations in
China mainly depends on geographical location, with obvious spatial agglomeration and
distribution. The hazard of heat wave gradually decreases from south to north, and the
hazard of heat wave in inland cities is higher than that in coastal cities in the same urban
agglomerations. In China, future flood hazards will be concentrated in the middle and
lower reaches of the Yangtze River; that is, the Yangtze River Delta will have the largest
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flood hazard, the Pearl River Delta the middle flood hazard, and the Beijing–Tianjin–Hebei
region the lowest flood hazard.

Among the three coastal urban agglomerations in eastern China, the Pearl River
Delta has the highest hazard of climate change, followed by the Yangtze River Delta. The
Beijing–Tianjin–Hebei urban agglomeration has the lowest hazard of climate change. The
hazard of climate change gradually decreases from south to north. With the increase in
emission intensity, the hazard of climate change in the high emission scenario SSP5-8.5
tends to increase.

The risk of future climate change to the Beijing–Tianjin–Hebei urban agglomeration
will be mainly concentrated in Beijing and Tianjin, while other cities in the Beijing–Tianjin–
Hebei region will show good urban resilience. However, the risk of climate change to
the Yangtze River Delta is different, and the regional coordination is not consistent. The
overall risk of climate change to the Yangtze River Delta is slightly stronger than that to the
Beijing–Tianjin–Hebei urban agglomeration. In addition, the risk of climate change to the
Yangtze River Delta urban agglomeration is high overall, among which Guangzhou and
Shenzhen are the highest risk cities in the entire Yangtze River Delta region.

Under different emission scenarios, the higher the emission intensity, the greater the
future temperature rise, and the greater the risk of climate change that is faced by each
urban agglomeration. Therefore, the high incidence of disaster events is closely related
to climate warming. Energy saving, emission reduction, low carbon, and environmental
protection are effective measures to delay the temperature rise and reduce the frequency
of disasters in the future. Therefore, formulating corresponding policies and measures
according to the characteristics of climate change in different urban agglomerations is
essential to effectively respond to climate change, improve urban resilience, and maintain
steady and rapid economic growth.

In the study of the risk of climate change, we only selected three extreme climate
events, drought, heat wave, and flood, because they are the most typical and widely
distributed meteorological and hydrological events. However, in fact, the risks of climate
change are not limited to drought, heat wave, and flood, but also include hail, typhoons,
cryogenic freezing, and other disasters. However, the timing and regional nature of these
events were more obvious, therefore they were not included in this study. In this paper,
five factors: GDP per unit area, the population density, the population urbanization rate,
the proportion of urban area in total area, and the proportion of primary industry in the
GDP, were considered in the calculation of the vulnerability index of the bearing body, and
the semiquantitative method of expert scoring was also used with the AHP method, which
may affect the results of risk estimation. In addition, the Grey model is only suitable for
medium and short-term prediction, and the accuracy of long-term prediction is limited.
In this paper, the climate data of the BCC-CSM2-MR model were selected to predict the
future SSP1-2.6, SSP2-4.5, and SSP5-8.5 emission scenarios. Because of the limited space,
the multi-model ensemble average requires further study.
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Appendix A

Table A1. Experts Scores Technique.

Population
Density GDP per Capita Population

Urbanization Rate
Proportion of Urban
Area to Total Area

Proportion of Primary
Industry in GDP

professor A 5 4.3 1.7 2 3
professor B 5 5 1.8 3 2.2
professor C 5 4.8 2 2.2 2.1
professor D 5 4.7 2.3 1.2 2.3

average value 5 4.7 1.95 2.1 2.4

Table A2. Analytic hierarchy Process data.

Population
Density

GDP per
Capita

Population
Urbanization

Rate

Proportion of
Urban Area to

Total Area

Proportion of
Primary Industry

in GDP

Population density 1 1.064 2.564 2.381 2.083
GDP per capita 0.94 1 2.41 2.238 1.958

Population urbanization rate 0.39 0.415 1 0.929 0.813
Proportion of urban area to total area 0.42 0.447 1.077 1 0.875

Proportion of primary industry in GDP 0.48 0.511 1.231 1.143 1

Table A3. Analytic hierarchy Process results.

Index Feature Vector Weight Value Maximum Eigenvalue Ci

Population density 1.548 30.960%

5 0
GDP per capita 1.455 29.102%

Population urbanization rate 0.604 12.074%
Proportion of urban area to total area 0.65 13.003%

Proportion of primary industry in GDP 0.743 14.861%

Table A4. Random consistency table.

n 3 4 5 6 7 8 9 10

R 0.52 0.89 1.12 1.26 1.36 1.41 1.46 1.49
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