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Abstract: China’s coastal areas are under serious threat of continued sea-level rise, and sustainable
coastal development is closely linked to changes in socio-economic vulnerability. To this end, based
on the Intergovernmental Panel on Climate Change framework of shared socio-economic pathways
(SSPs), this study constructed a system of indicators to assess the socio-economic vulnerability
of China’s coastal areas in 2030, 2050, and 2100 under low, medium, and high greenhouse gas
emission scenarios (SSP1-2.6, SSP2-4.5, and SSP5-8.5, respectively). The results showed the following;:
(1) the vulnerability of China’s coastal provinces, cities, and counties shows an upward trend (ranked
SSP5-8.5 > SSP2-4.5 > SSP1-2.6), which is mainly attributed to a continued increase in the exposure of
socio-economic systems to sea-level rise and differences in the age structure of the population within
the study regions; and (2) areas with higher vulnerability are concentrated in economically developed
coastal areas, such as the Bohai Bay Rim and the Yangtze River Delta, Jiangsu, and Pearl River Delta
regions, owing to their high proportions of low-lying land, long coastlines, and dense residential
areas associated with economic development. Based on these results, climate-resilient solutions are
needed to improve socio-economic adaptations for ongoing climate change in China’s coastal areas.

Keywords: climate change; coastal vulnerability; socio-economy; sea-level rise; socio-economic
pathway scenario

1. Introduction

The sixth assessment report (AR6) of the Intergovernmental Panel on Climate Change
(IPCC) shows that since 1850, the global climate system has been warming continuously;,
and the last four years have been warmer than any previous year. Compared with the
pre-industrialization period (1850-1900), the warming in the first two decades of this
century has reached approximately 0.99 °C [1]. Furthermore, in the past hundred years, the
global sea level has continued to rise due to the melting of land glaciers caused by climate
warming as well as the thermal expansion of the oceans [1,2]. In recent decades, the rise of
global and coastal sea levels in China has also accelerated [3,4]. Under the IPCC framework
of shared socio-economic pathways (SSPs), by 2100, the global mean sea level is expected
to increase by 0.38 and 0.77 m relative to 1995-2014 under low and high greenhouse
gas (GHG) emission scenarios (SSP1-2.6 and SSP5-8.5), respectively [1,5]. Over the past
40 years, the sea level around China has shown an accelerated rising trend at an average
rate of 3.4 mm/y, which is higher than the global average over the same period [6]. It is
estimated that the sea level will continue to rise by 55-170 mm over the next 30 years [7].
This accelerated rise increases the risks posed to low-lying coastal areas and populations, as
relatively small increases in sea level will significantly increase the frequency and intensity
of floods in these areas [4]. Moreover, sea level rise increases the baseline water level of
storm surges, tides, and waves, which further increases the risk of typhoon-driven storm
surges and coastal flooding [3,8,9]. Approximately 23% of the world’s population lives
within 100 km of the coast [10], which is expected to increase to almost 50% by 2030 [11].
In China, more than 70% of the large and medium-sized cities are coastal, accounting
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for just 13% of the land area but supporting 42% of the country’s population and more
than 60% of the country’s gross domestic product (GDP) [12,13]. China’s coastal areas
have long been affected by marine disasters including sea-level rise, typhoons, storm
surges, seawater intrusion, soil salinization, and saltwater intrusion [7]. Indeed, the high
density of socio-economic infrastructure in many of China’s coastal areas often generates
a series of impacts following marine disasters that seriously threatens human life and
production [7]. For example, in the early 1980s, the annual economic loss from marine
disasters in China reached more than one billion yuan and increased to approximately
10 billion yuan in every year of the 1990s [7,14]. In the future, China’s coastal areas are
expected to show continued rapid economic growth, which, when coupled with ongoing
global climate change, will lead to an increase in the frequency of natural disasters and
associated socio-economic risks [15].

The socio-economic system (here referred to as the “social economy”) is a complex
mega-system with humans at the core and incorporating social, economic, educational,
science and technological, and ecological environmental systems. As a multi-dimensional
system, analyzing changes in the social economy can be extremely difficult, and it is usually
necessary to adopt dimensional reduction. Here, GDP and population demographics
were used to characterize the social economy of China’s coastal areas. According to the
IPCC [16,17], socio-economic vulnerability can be defined as the tendency or habit of a
system to be vulnerable to the adverse impact of climate disaster-causing factors; a state
in which a system is vulnerable to damage due to exposure to climate disaster-causing
factors and anthropogenic activities, which can also be seen as a result of the joint action
of exposure, sensitivity, and adaptability [18,19]. Social vulnerability usually refers to the
vulnerable state of social groups and their ability to recover from disasters, which is also
reflected by socio-economic conditions and demographic characteristics [20,21]. Social
vulnerability assessments are usually based on the establishment of an indicator system,
and different mathematical methods can be used to calculate social vulnerability indices.
At present, commonly used methods include the comprehensive index [20,22-26] and
functional model methods [27-31]. In recent years, geographical information systems have
also been widely applied in social vulnerability assessments [32-35].

The comprehensive index method is simple and easy to apply; however, this approach
ignores the interactions between the various components of vulnerability. Alternatively,
the functional model method better reflects the interactions between the components of
vulnerability, which is more conducive to explaining the causes and characteristics of
vulnerability [36]. However, owing to differences in the understanding of the components
of social vulnerability, the application of these models varies greatly.

Previous research shows that with ongoing sea-level rise, the overall vulnerability
of China’s coastal areas increased between 2006 and 2016 but remained stable in some
areas. For example, the vulnerability of coastal areas in East and South China is higher than
that of coastal areas in North and Northeast China [30,37]. There is also evidence that the
highest levels of social vulnerability are concentrated in Hainan Province and the coastal
areas of the Beibu Gulf, with the north coast of Jiangsu Province and Liaoning Province
also showing high vulnerability [25]. Most studies on social vulnerability in coastal areas
use provincial and municipal administrative regions as assessment units [29,35], and stud-
ies on county-level administrative regions have tended to focus on specific regions, such
as the Yangtze River Delta [38,39] and the Yellow River Basin [26]. Furthermore, while
previous studies have mainly focused on historical changes in social and economic vulner-
ability, the potential response of China’s social economy under future climate scenarios
remains understudied.

Crucially, future socio-economic risk depends on the interaction between the hazard
posed by climate disaster-causing factors and the exposure, sensitivity, and adaptability of
the system. Therefore, research on future socio-economic vulnerability has become critical
for risk assessment. In this study, the social economy of China’s coastal provinces, cities,
and counties was examined using a social economic vulnerability assessment index based
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on exposure, sensitivity, and adaptability under three IPCC SSP scenarios, namely SSP1-2.6,
55P2-4.5, and SSP5-8.5 (collectively referred to as SSPx-y) [1,17]. These scenarios consider
three representative concentration pathways (RCP2.6, 4.5, and 8.5; collectively referred
to as RCPs) corresponding to low, medium, and very high GHG emissions, and three
corresponding SSPs, namely a sustainable path, intermediate path, and fossil fuel-based
development path (SSP1, 2, and 5, respectively). Adopting such a scenario-based approach
enables the assessment of future socio-economic vulnerability, which provides valuable
evidence to support the development of climate change adaptation strategies.

2. Data and Methods
2.1. Study Area

China’s coastal areas include areas with mainland and island coastlines, which are
divided into coastal provinces, autonomous regions, and municipalities under the Central
Government according to administrative regions. China has nine coastal provinces, one
autonomous region, two municipalities directly under the Central Government, 53 coastal
cities, and 242 coastal counties. Considering the availability of data, the coastal areas
referred to in this paper include 11 provincial administrative regions, including Tianjin,
Shanghai, Jiangsu, Guangdong, and other coastal provinces; municipalities directly under
the Central Government; autonomous regions (excluding Hong Kong, Macao, and Taiwan);
62 municipal administrative regions; and 212 county-level administrative regions (Figure 1).
In addition, as Hainan Island is surrounded by sea, only Haikou and Sanya are municipal
administrative regions. Thus, county-level administrative regions along the coast of Hainan
Province were included in the evaluation scope of the municipal administrative regions.
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Figure 1. Map of China’s coastal areas.

2.2. Data Sources
2.2.1. Environmental Data
(1) Digital elevation model data were derived from the Shuttle Radar Topography

Mission digital elevation dataset, jointly completed by the National Aeronautics and Space
Administration and the National Imagery and Mapping Agency, covering the land area
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60° N-60° S and with a resolution of 90 m (https://srtm.csi.cgiar.org/ (accessed on
1 September 2020).

(2) The coastline and area data of the coastal administrative regions were obtained
from the 2010 China Statistical Yearbook and statistical yearbooks of 11 coastal provinces,
municipalities, and autonomous regions (http://www.stats.gov.cn/tjsj/ndsj/ (accessed on
21 October 2020) [40].

(3) The model results of the Fifth International Coupled Model Comparison Plan
(CMIP5), including 29 models such as CMCC-CM, CNRM-CMS5, and MIROC-ESM, were
selected for the sea-level rise prediction data. These data consisted of sea-level height
simulations for coastal areas from 2030 to 2100 under the different RCP scenarios, for which
estimated future sea-level rise was obtained as multi-year weighted averages [41].

2.2.2. Socio-Economic Data

(1) Historical population data were derived from the sixth national population census
released by the National Bureau of Statistics in 2011, incorporating detailed data on population
size, age structure, and other classifications for each sub-county in the target coastal areas
(http:/ /www.stats.gov.cn/ztjc/zdtjgz/ zgrkpce /dlcrkpe/ (accessed on 13 January 2021).

(2) Historical socio-economic assessment was based on the GDP of all cities in China in
2010, as released by the National Bureau of Statistics (https://data.stats.gov.cn/easyquery.
htm?cn=C01 (accessed on 13 January 2021).

(3) Population and GDP data for the coastal areas of China between 2010 and 2100
were simulated under three SSPs. The time-step of the data outputs was 10 years, and
the spatial resolution was 0.5 km x 0.5 km (https://nsem.bnu.edu.cn/gjgcs/120719.htm
(accessed on 23 July 2021) [42,43].

2.3. Research Methods
2.3.1. Socio-Economic Vulnerability Index

The socio-economic vulnerability index adopted in this study was used to measure
the degree of socio-economic loss under the impact of climate change disaster-causing
factors (i.e., sea-level rise). For this, vulnerability (V) is composed of system exposure (E),
sensitivity (S), and adaptability (A) [19,44,45]; E refers to the intersection of adverse im-
pact scope and system distribution in space when climate disaster-causing factors occur;
S refers to the inherent attribute (nature) that the system experiences when facing climate
change disaster-causing factors and anthropogenic disturbance, which reflects the degree to
which the system can withstand disturbance; and A refers to the ability of a system to cope
with climate change and anthropogenic disturbance as well as the ability to recover from
damage. Based on the IPCC comprehensive risk theory of climate change, following the
principles of selecting indicators based on representativeness, operability, and accessibility,
and referring to previous research [20,25,26,46], a socio-economic vulnerability assessment
index was constructed using E, S, and A as three first-level assessment indicators, with
secondary evaluation indicators determined as shown in Table 1.

Table 1. Components of a socio-economic vulnerability index for China’s coastal areas [20,25,26,46].

Level I Indicators

Secondary Indicators Index Meaning Description and Calculation

Proportion of
low-lying land area (E1)

, Eii = i (1)
Area of low-lying !
land/administrative area  Where i is the ith evaluation unit; D is the area of

Exposure (E)

assessment unit (E2) assessed area

with elevation < 10 m the assessment unit with an elevation < 10 m,
and M is the area of the assessment unit.
Esi = 3, @
Coastline length/ Ratio of coastline length o \yhere f is the ith evaluation unit; L is the

coastline length of the assessment unit, and M is
the area of the assessment unit.
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Table 1. Cont.

Level I Indicators

Secondary Indicators

Index Meaning

Description and Calculation

Relative sea

Relative sea level height
along the coast of the

Statistical analysis using spatial analysis tools

level height (E3) . in ArcGIS.

assessment unit

. Total population in the Statistical analysis using spatial analysis tools

Total population (E4) assessment unit in ArcGIS.
Total GDP (E5) Total GDP in t}.1e Statlstlcal analysis using spatial analysis tools

assessment unit in ArcGIS.

Slij = Pfi]]" (3)

Proportion of elderly Proportion of the elderly :Zhiézelr::stgfelt};:;faéiae?;r; ?(jl’iﬁeaglc(li]e A
population (S1) aged over 60 P yeat, Y

population over 60 years old in the assessment
unit, and P refers to the total population in the
assessment unit.

Sensibility (S)

Proportion of adolescent
population (S2)

Saij = %’ )

where i is the ith evaluation unit, and j
represents the year; Q is the population of
adolescents under 14 years old in the assessment
unit, and P is the total population in the
assessment unit.

Proportion of young
people under 14 years old

Population density (53)

Statistical analysis using spatial analysis tools

Population per unit area in ArcGIS.

Adaptability (A)

Proportion of labor force
population (A1)

N

where i is the ith evaluation unit, and j
represents the year; N is the labor force
population aged 15-59 in the assessment unit,
and P is the total population in the
assessment unit.

Proportion of labor force
aged 15-59

Economic density (A2)

Statistical analysis using spatial analysis tools

Unit area GDP in ArcGIS.

Exposure reflects socio-economic exposure to disasters including sea-level rise and
typhoon-driven storm surges; the higher the exposure of an area, the higher is its vulner-
ability. Notably, levels of exposure have increased with sea-level rise and the ongoing
socio-economic development in coastal areas. Specifically, the exposure of coastal areas is
closely related to changes in the relative sea level, the proportion of low-lying land, and
the length of the coastline/administrative area as well as other factors [47-49]. Sensitivity
is closely linked to population density and structure. Here, population density and the
proportions of younger and elderly people were used to represent S, as these metrics are as-
sociated with greater social impact during disasters [25,47]. Adaptability reflects resilience
in the face of climate disaster-causing factors; the higher the adaptability of the population,
economy, education, and infrastructure, the lower is the social vulnerability. Thus, S is
positively correlated with socio-economic vulnerability while A is negatively correlated.
Owing to a lack of data for future levels of education, urbanization, medical security, and
other factors, GDP per unit area and the labor population ratio were used to represent
socio-economic adaptability. In addition, because economic density is an indicator of both
social and economic adaptability, higher and lower economic density represents higher
and lower degrees of vulnerability to disasters, respectively. Therefore, economic density
was applied as one of the components of A, with a weighting of 0.51 based on the entropy
method (Table 1).
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2.3.2. Computing Methods

According to the relationships between vulnerability and the relevant constituent
factors, and referring to the expression mode of the vulnerability function proposed by
Luna et al. [50], a series of social and economic vulnerability assessment models for China’s
coastal areas was constructed, as follows:

Exposure indexcalculation model : E = Z:.Z:l E:b;, (6)

where E is the exposure indeX, E; is the ith index of exposure, b; is the weight coefficient of
the ith exposure index, and 7 is the number of exposure indices.

Sensitivity index calculation model : S = Z?:l Sici, )

where S is the sensitivity index, S; is the ith sensitivity index, c; is the weight coefficient of
the ith sensitivity index, and # is the number of sensitivity indices.

Adaptability index calculation model : A = Z?:l Aid;, (8)

where A is the adaptability index, A; is the ith index of adaptability, d; is the weight
coefficient of the ith adaptability index, and 7 is the number of adaptability indices.

Vulnerability index: V=E + S — A, 9)

where V is the vulnerability index, E is the exposure index, S is the sensitivity index, and A
is the adaptability index.

Existing research shows that the two calculation approaches V=E+S - Aand V=E -
S/A do not generate significant differences in the vulnerability equivalent sequence [44,51],
while the numerical range of the calculation results based on the former approach is
smaller, more intuitive, and conducive to comparison. Therefore, the more commonly
applied addition and subtraction expression was adopted here.

Because there are differences in magnitude, dimension, and index properties between
different evaluation indicators, a standardization procedure was applied to divide the
original data of the selected evaluation indicators by the maximum value. Based on this,
the objective entropy method was used to determine the weights of each indicator [44].

The secondary indicators of exposure, sensitivity and adaptability are 5, 3, and 2 re-
spectively, thus the vulnerability index is not balanced, because exposure is more important
than sensitivity and adaptability to determine vulnerability. To solve this problem, the
weight of exposure, sensitivity, and adaptability is determined as 1, and then the weight of
secondary evaluation indicators is determined according to the entropy method. In order
to judge the stability of the socio-economic vulnerability assessment model, it is necessary
to conduct a sensitivity analysis on the indicator weight and study the impact of the change
of weight on the assessment results. Using the index weight sensitivity analysis method
in the literature [52,53], the weight sensitivity analysis results are obtained. See Table 2.
If we want to maintain the stability of socio-economic vulnerability, that is, the order of
vulnerability ranking remains unchanged and the change interval of the weight are as
follows: ¢1 < by < ¢y < by < by <dy <bz <dy <bs <c3. The weight change interval of
proportion of adolescent population is the smallest and the sensitivity is the largest, while
population density, total GDP, economic density, and relative sea level height have a rela-
tively large weight change range and a relatively small sensitivity. The weight sensitivity is
generally low, so the socio-economic vulnerability evaluation method selected in this paper
is stable and the evaluation results are reliable.
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Table 2. Components of a socio-economic vulnerability index for China’s coastal areas.
Evaluation Indicators Weight Weight Change Threshold Range
Proportion of low-lying land area by 0.37 0.241 0.463 0.222
Coastline length /assessment unit by 0.16 0.088 0.336 0.248
Relative sea level height b3 0.14 0.063 0371 0.308
Total population by 0.18 0 0252 0.252
Total GDP bs 0.15 0 0.345 0.345
Proportion of elderly population 1 0.15 0.113 0.225 0.112
Proportion of adolescent population e 0.2 0.190 0.430 0.240
Population density c3 0.65 0.520 0.943 0.423
Proportion of labor force population di 0.21 0 0.294 0.294
Economic density dy 0.79 0.672 0.988 0.316

2.3.3. Evaluation Indicator Grading

As there is no consistent standard for the classification of social vulnerability, the
quantile grading method was applied in ArcGIS to divide the socio-economic vulnerability
scores into five levels—very high, high, medium, low, and very low (Table 3).

Table 3. Classification of socio-economic vulnerability (V) in China’s coastal areas.

Evaluation Unit Very High High Medium Low Very Low
Province >0.61 0.43-0.61 0.30-0.43 0.21-0.30 <0.21
City >0.52 0.29-0.52 0.19-0.29 0.07-0.16 <0.07
County >0.55 0.33-0.55 0.18-0.33 0.09-0.18 <0.09

3. Results and Discussion
3.1. Socio-Economic Vulnerability
3.1.1. Coastal Provinces

The results of the socio-economic vulnerability assessment for China’s coastal provin-
cial administrative areas under the different climate change scenarios are summarized in
Figure 2 and Table 4. Given that areas with a comparable intensity of disaster-causing
factors and higher vulnerability are more likely to suffer social and economic losses, regions
with a medium or higher level of vulnerability level were of greatest interest. In 2010,
vulnerability was low overall, although there were notable regional differences. Shanghai
was the only very highly vulnerable area. Jiangsu has a medium level of vulnerability;
Tianjin, Shandong, and Guangdong had low vulnerability; Liaoning, Hebei, Zhejiang,
Fujian, Guangxi, and Hainan had very low vulnerability, accounting for more than half of
all the coastal provincial-level administrative regions.

Under the different SSPx-y scenarios, socio-economic vulnerability showed a gen-
eral upward trend between values for 2030, 2050, and 2100. Under SSP1-2.6, Shanghai
is expected to remain highly vulnerable by 2030, while Tianjin and Jiangsu will increase
from low- and medium-vulnerability areas, respectively, to highly vulnerable areas. Shan-
dong, Zhejiang, and Guangdong increase to medium vulnerability areas over the same
timeframe, while Hebei and Hainan become low-vulnerability areas, and Liaoning, Fujian,
and Guangxi show very low vulnerability. By 2050, Shanghai will maintain a high level
of vulnerability, whereas the vulnerability category will increase for other regions, from
medium to high for Guangdong, from low to medium for Hainan, and from very low to
low for Liaoning and Fujian. By 2100, the vulnerability of Guangxi is also expected to
increase from very low to low.
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Figure 2. Distribution and evolution of the socio-economic vulnerability of China’s coastal provincial

administrative regions under different climate scenarios.

Table 4. Changes in the socio-economic vulnerability of China’s coastal provincial administrative
regions under different climate scenarios.

Valnerability SSP1-2.6 SSP2-4.5 SSP5-8.5
2010 2030 2050 2100 2030 2050 2100 2030 2050 2100
Very High 1 1 1 1 1 1 1 1 1 2
High 0 2 3 3 3 3 3 3 3 3
Medium 1 3 3 3 2 3 4 2 3 4
Low 3 2 3 4 2 4 3 2 3 2
Very low 6 3 1 0 3 0 0 3 1 0

Under SSP2-4.5, Shanghai is expected to be very highly vulnerable by 2030; Tianjin,
Jiangsu, and Guangdong will become highly vulnerable areas; Shandong and Zhejiang
will become medium-vulnerability areas; Hebei and Hainan will become low-vulnerability
regions; Liaoning, Fujian, and Guangxi will show very low vulnerability. By 2050, there
will be no areas with very low vulnerability along the entire coast of China; Hainan will
increase to a medium-vulnerability area, while Liaoning, Fujian, and Guangxi will become
low-vulnerability areas. By 2100, Hebei will also become a medium-vulnerability area.

The vulnerability results under SSP5-8.5 are similar to those under SSP2-4.5. For
example, by 2050, Hainan will become a medium-vulnerability area, and Liaoning and
Fujian will show low vulnerability. By 2100, in addition to Shanghai, the vulnerability
of Guangdong will increase from high to very high; that of Zhejiang will increase from
medium to high; that of Liaoning and Fujian will increase from low to medium; that of
Guangxi will increase from very low to low. Notably, there are no areas with very low
vulnerability by 2100 under this scenario (Table 4).
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3.1.2. Coastal Municipalities

The distribution and evolution of the socio-economic vulnerability of China’s coastal
municipal administrative regions in 2030, 2050, and 2100 under the different scenarios are
shown in Figure 3 and Table 5. In 2010, vulnerability was low overall, although as with
the provincial-level results, there were notable regional differences. For example, Shanghai
was very highly vulnerable, and highly vulnerable areas were concentrated in Tianjin and
Cangzhou around Bohai Bay, Jiaxing, Nantong, and Yancheng in the Yangtze River Delta
region, and Shenzhen and Shantou in the Pearl River Delta region. Medium vulnerability
areas were concentrated in the coastal cities around Bohai Bay, Jiangsu, and Guangdong;
low vulnerability areas were concentrated in the coastal cities of the Shandong Peninsula,
Zhejiang, Guangdong, and Guangxi; and very low vulnerability areas were concentrated
in Liaoning. The coastal cities in Fujian and Hainan, and almost half of the coastal cities in
the whole of China, showed a low level of socio-economic vulnerability.

2030 2050 2100
- - -
£ & £
SSP1-2.6 X X }
- . ; r
- ' L " ﬁ" ’
2010 J t * N 1 » [ 4
For SSP2-4.5 \ [ X }
4 ‘ o+ -
2 g e’
Vulnerability ¢ ¢ &
: ch |‘;I gh < - . }
igh
Medium ‘c i # ¥ gg -
Low
Very low SSP5-8.5 _
= -
¢ B 1 (“
Figure 3. Distribution and evolution of the socio-economic vulnerability of China’s coastal munici-
palities under different climate scenarios.
Table 5. Changes in the socio-economic vulnerability of China’s coastal municipalities under different
climate scenarios.
Vulnerabilit SSP1-2.6 SSP2-4.5 SSP5-8.5
Y 2010 2030 2050 2100 2030 2050 2100 2030 2050 2100
Very High 1 4 7 5 4 7 5 6 9 8
High 7 15 14 20 15 14 20 13 14 25
Medium 11 13 23 32 15 27 34 14 21 29
Low 14 25 17 5 26 13 3 25 18 0
Very low 29 5 1 0 2 1 0 4 0 0
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Under the different SSPx-y scenarios, the vulnerability of coastal municipal admin-
istrative regions showed a general upward trend up to 2100. Under SSP1-2.6, the Bo-
hai Bay Rim, the Yangtze River Delta and Jiangsu coastal areas, the Pearl River Delta,
and the Leizhou Peninsula in Guangdong showed significant increases in vulnerability
by 2030. For example, Nantong, Jiaxing, and Shantou will be highly vulnerable areas. The
number of highly vulnerable areas will increase from 7 to 15, concentrated in Bohai Bay, the
Pearl River Delta region, and the Leizhou Peninsula in Guangdong, including Tianjin and
sub-provincial cities such as Ningbo, Xiamen, Shenzhen, and Guangzhou. Over the same
timeframe, 13 medium-vulnerability areas will be classified in the Shandong Peninsula
area, Zhejiang, and some coastal cities in Guangdong; 25 areas show low vulnerability
and five show very low vulnerability, particularly in Liaoning, Fujian, Guangxi, and some
coastal cities in Hainan. By 2050, vulnerability is expected to increase further, with Tian-
jin, Shenzhen, and Dongguan classified as having very high vulnerability, and 14 areas
classified as having high vulnerability including Wenzhou and Zhuhai. The number of
medium-vulnerability areas will also increase to 23, with these areas concentrated in the
Liaoning Peninsula region, the Shandong Peninsula region, and mainland coastal cities
south of the Yangtze River Delta. Seventeen areas will have low vulnerability, and just one
area will have very low vulnerability by 2050. By 2100, Tianjin and Dongguan will show a
reduction in vulnerability from very high to high, but the number of highly vulnerable and
moderately vulnerable areas will increase significantly, by six and nine, respectively, and
there will be no very low-vulnerability areas.

The trends in the socio-economic vulnerability of the coastal municipalities under
SSP2-4.5 were consistent with those under the SSP1-2.6 scenario. For example, the number
and spatial distribution of areas classified as having very high and high vulnerability were
the same between these two scenarios (Table 5), although more medium-vulnerability areas
are predicted under SSP2-4.5. Under the SSP5-8.5 scenario, with the exception of some very
high-vulnerability areas around Bohai Bay, the vulnerability results are generally consistent
with those of SSP1-2.6 and SSP2-4.5.

3.1.3. Coastal Counties

The socio-economic vulnerability of China’s coastal county-level administrative re-
gions under the different SSPx-y scenarios is summarized in Figure 4 and Table 5.
In 2010, 64.2% of the 212 coastal counties had a low or very low level of vulnerability, 27.3%
were medium-vulnerability areas, and only 8.5% were high- and very high-vulnerability
areas. The area with the highest vulnerability was Pudong New Area in Shanghai, and
other highly vulnerable areas were concentrated in the coastal counties around Bohai Bay,
the Yangtze River Delta region, and the Pearl River Delta region, while the moderately
vulnerable areas were concentrated in coastal areas around Bohai Bay and Jiangsu.

Under the three SSPx-y scenarios, the socio-economic vulnerability of China’s coastal
counties is expected to increase, with no very low-vulnerability areas by 2100. Under
SSP1-2.6, very highly vulnerable areas will be concentrated along the Yangtze River Delta
and the Pearl River Delta regions in 2030 and 2050, and highly vulnerable areas will be
concentrated along the Bohai Bay Rim and Yangtze River Delta and Pearl River Delta
regions. By 2100, the socio-economic vulnerability of northern Jiangsu is expected to
increase significantly, becoming a highly vulnerable area, and the number of very high-
vulnerability classifications increases to 73 (Table 6).

Under the SSP2-4.5 scenario, some coastal counties in the Yangtze River Delta and
Pearl River Delta regions are expected to be very highly vulnerable by 2030, with highly
vulnerable areas concentrated around Bohai Bay and the Yangtze and the Pearl River Deltas.
By 2050, there will also be areas with very high vulnerability around Bohai Bay, and by 2100,
the number of highly vulnerable areas around Bohai Bay and the Pearl River Delta will
decrease, the highly vulnerable areas in the Yangtze River Delta will increase, and Jiangsu
will be classified as a highly vulnerable area (Figure 4). Finally, under SSP5-8.5, similar
vulnerability classifications are obtained to those under SSP2-4.5. For example, by 2030,
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2050, and 2100, 7, 19, and 33 counties will be classified as having very high vulnerability,
and 56, 55, and 74 will be classified as highly vulnerable, respectively (Table 6).
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Figure 4. Distribution and evolution of the socio-economic vulnerability of China’s coastal county
administrative areas under different climate scenarios.
Table 6. Changes in the socio-economic vulnerability of China’s coastal county administrative areas
under different climate scenarios.
Vulnerabilit SSP1-2.6 SSP2-4.5 SSP5-8.5
y 2010 2030 2050 2100 2030 2050 2100 2030 2050 2100
Very High 1 3 9 12 4 17 18 7 19 33
High 17 55 53 73 57 67 70 56 55 74
Medium 58 70 63 80 70 67 85 66 69 99
Low 49 47 51 47 49 53 39 48 48 6
Very low 87 37 36 0 32 8 0 35 10 0

3.2. Socio-Economic Adaptation

The natural environment, population, and social economy are the main factors affect-
ing patterns of socio-economic vulnerability and risk [54]. By identifying China’s coastal
areas that are highly vulnerable to climate change, suitable adaptive countermeasures can
be developed. Based on the results outlined in Section 3.1, the overall socio-economic
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vulnerability of China’s coastal provinces, cities, and counties will increase over the rest of
this century, with the areas of highest vulnerability concentrated in Bohai Bay, the Yangtze
River Delta region, the coastal areas in northern Jiangsu to the north of the Yangtze River,
and the Pearl River Delta region. To better understand vulnerability in these high-risk
areas, the key drivers and potential adaptation strategies are further considered in the
following sections.

3.2.1. Vulnerability Attribution

Under the three SSPx-y scenarios, the sea level around China’s coastal areas will rise
significantly by 2030, 2050, and 2100 (Figure 5). This will exacerbate the effects of typhoons,
storm surges, coastal floods, and other disaster-causing events, especially in low-lying
areas [3,4,55]. Coastal urbanization will further accelerate in the future, increasing the
exposure of China’s coastal social economy to risk. Furthermore, China’s aging popula-
tion will lead to a shortage of labor in coastal areas and a weakening of socio-economic
adaptability [56]. In the vulnerability models, with the continuous emission of GHGs and
the intensification of climate warming, increases in relative sea level are associated with
increased socio-economic exposure. For example, Figure 5 shows that under the RCP2.6,
4.5, and 8.5 scenarios, sea-level rise remains relatively limited up to 2030, while increases
become more pronounced after 2030. The Yangtze River Delta region, Leizhou Peninsula,
and Hainan are projected to experience the largest rise in sea level, with likely increases in
associated exposure to socio-economic risks. Notably, low-lying coastal areas (<10 m above
sea level), population, and economic activity are all concentrated in the coastal areas of the
Bohai Bay Rim and the Yangtze River Delta and Pearl River Delta regions (Figure 6). The
aging population in these and other coastal areas also increases the sensitivity of the social
economy to sea-level-driven risks under SSP1-2.6, 2-4.5, and SSP5-8.5. Thus, the modeled
increases in the vulnerability of China’s coastal areas over the rest of the century are as-
sociated with continuous sea-level rise and changes in the population structure that will
increase the exposure and sensitivity and decrease the adaptability of the social economy.

2030 2050 2100
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Figure 5. Estimated sea-level rise in China compared with 2000 under different RCP scenarios (Unit: cm).
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Figure 6. Distribution of low-lying land, population, and gross domestic product (2050 under SSP2-4.5
scenario) in China’s coastal areas.

3.2.2. Potential Adaptation Strategies

(1) Improve damp-proofing, flood control, and drainage practices to reduce the exposure
risk in coastal areas

Ongoing sea-level rise will increase the exposure of low-lying coastal areas to risk
by raising the baseline water level and making what is currently the 100-year extreme
coastal water level a multi-year return period in many regions by 2050 and 2100 [4,55].
This poses significant socio-economic risks, especially in large coastal cities [55]. This also
implies that coastal protection projects with 50-year and 100-year design lives will not meet
the future requirements for flood control and waterlogged land drainage in some coastal
areas. Therefore, it is necessary to adjust coastal engineering design standards for flood
control and storm surge prevention based on relative sea-level change and improve coastal
engineering defense capabilities via reinforcement and upgrading measures to reduce
exposure to socio-economic hazards.

Under the SSP5-8.5 scenario, by 2100, the projected sea-level increase affecting China’s
coastline is an average of at least 66 cm, with greatest increases along the coast from Jiangsu
to Zhejiang, near the Leizhou Peninsula in Guangdong, and in northern and eastern coastal
areas of Hainan; here, sea level is expected to rise by 84.6-103.2 cm (Figure 5). For these
areas, the heights of coastal flood control infrastructure will need to be increased to reflect
the projected increase in the base sea level. In addition, to adapt to the changes caused by
sea-level rise, river regulation must be strengthened in highly and very highly vulnerable
areas to improve the drainage capacity of river courses and improve the foundation design
and elevation of protective dikes, sewer pipes, roads, and other critical infrastructure.

(2) Strengthen industrial structures and the layout of low-lying areas to reduce the
vulnerability of coastal areas

The coastal areas of China are low and flat, especially in the Bohai Bay Rim, Yangtze
River Delta, Jiangsu, and Pearl River Delta areas (Figure 6). These areas are also highly
urbanized, densely populated, and economically developed, making them highly vulner-
able. In the context of climate change, even if effective measures are taken to mitigate
sea-level rise by 2100, there will still be many coastal areas below the average sea level.
Therefore, urban planning in coastal areas must adhere to the principle of land and sea
integration, fully consider sea-level rise projections, avoid the concentration of residential
and high-GDP industries in low-lying coastal areas wherever possible, promote the transfer
of important industries inland, and further the urbanization of inland areas. Such measures
will help reduce the socio-economic sensitivity of China’s coastal areas.
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(3) Control GHG emissions to limit climate disaster-causing factors

Under the low (SSP1-2.6), medium (SSP2-4.5), and high (S5P5-8.5) scenarios, the socio-
economic vulnerability of China’s coastal areas increases proportionally. However, the rate
of climate warming and sea-level rise can be slowed by reducing the emission of GHGs.
Strengthening the restoration of coastal mangroves, seaweed beds, saltmarshes, and other
blue carbon ecosystems alongside the construction of coastal carbon sinks can also play an
important role in mitigating climate change.

(4) Improve observation, prediction, and early warning systems for sea-level rise to
improve the adaptability of coastal areas

Strengthening and improving the observation, prediction, and early warning systems
for sea-level rise hazards, including extreme water levels, and establishing an evaluation
system for critical resources, environmental and socio-economic impacts, and countermea-
sures will increase the adaptability of vulnerable coastal areas. Building reliance on the
protection and restoration of coastal mangroves, sea grass beds, saltmarshes, and other
ecosystems we will further establish a coastal “buffer zone” to improve climate resilience
and the adaptability of natural and social systems.

4. Conclusions

Based on the IPCC core concept of integrated climate change risk, a socio-economic
vulnerability index was developed for China’s coastal areas. This was applied to assess the
spatial patterns and dynamic evolution of socio-economic vulnerability at the provincial,
city, and county level in 2010, 2030, 2050, and 2100 based on low, medium, and high GHG
emission scenarios (SSP1-2.6, SSP2-4.5, and SSP5-8.5, respectively). The following main
conclusions can be drawn:

(1) Under the modeled scenarios, the socio-economic vulnerability of China’s coastal
provinces, cities, and counties shows a proportional upward trend, reaching peak vulner-
ability by 2100. This is associated with continued sea-level rise coupled with a declining
labor force and reductions in adaptability.

(2) Based on the three SSP scenarios, the higher the degree of climate warming, the
greater the rise in sea level along China’s coast and, consequently, the greater the increase
in socio-economic vulnerability and economic exposure. This is compounded by increasing
sensitivity to coastal hazards associated with an aging population.

(3) At the provincial level, areas with high socio-economic vulnerability are concen-
trated in Tianjin around Bohai Bay, Shanghai, Jiangsu, and Zhejiang around the Yangtze
River Delta, and Guangdong Province in the Pearl River Delta region. At the city and
country level, the highest vulnerability areas are also concentrated in coastal cities and
counties around Bohai Bay, the Yangtze River Delta, and the Pearl River Delta. Al-
though these areas are economically developed and have high adaptability, they often
have a high proportion of low-lying land and high levels of exposure owing to dense
residential populations.

(4) The hazards posed by climate change disaster-causing factors can be reduced as
follows: by controlling GHG emissions; strengthening the standards of damp-proofing,
flood control, and land drainage; strengthening the industrial structure and layout of
coastal low-lying areas; improving the observation, prediction, and early warning systems
of sea-level rise. Collectively, these measures can reduce the exposure and vulnerability of
coastal areas, and the protection and restoration of productive coastal ecosystems can also
help improve the climate resilience and adaptability of China’s coastal areas.

Coastal areas are a strategic focus of China’s national economic and social development
but are also prone to natural disasters. Climate change, high-density development, and a
productive social economy make coastal areas vulnerable to the hazards of climate change,
particularly sea-level rise. Therefore, it is urgent to identify vulnerable areas and formulate
targeted adaptation and mitigation. Based on the results presented in this study, the Bohai
Bay Rim, Yangtze River Delta, Jiangsu, and Pearl River Delta regions are highlighted
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as the most vulnerable coastal areas under projections up to 2100. To build on these
findings, the current lack of simulation data for future levels of urbanization and education,
medical care, and social security infrastructure needs to be addressed to facilitate the most
robust projections. It is, therefore, necessary to further integrate multiple data indicators
to optimize the developed socio-economic vulnerability index, which shows potential
as a comprehensive risk-evaluation tool and for informing the development of targeted
mitigation measures and adaptation strategies.
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