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Abstract

:

Catalyzed by global change and human activities, social and ecosystems are constantly under increasingly dynamic transformations. The Guangdong–Hong Kong–Macau Greater Bay Area (GBA), bordering the South China Sea and located in the Pearl River Delta Plain, is a typical region of complex SESs with rapid socioeconomic development but severe ecosystem degradation. Therefore, based on the relevant data of 11 GBA cities from 2010–2020, this paper constructs an indicator system for assessing land–sea SESs by extracting from three aspects: exposure, sensitivity, and adaptive capacity. Through the construction of a vulnerability assessment indicator system, via the explicit spatial vulnerability indicator calculation model, and vulnerability factor diagnostic model, this study comprehensively analyzes vulnerability levels, spatiotemporal evolution, and SES vulnerability factors. The study found that, since 2010, the SES vulnerability of the GBA has shown an overall trend of alleviation, and the overall geographical distribution of classified vulnerability levels is rather concentrated, with cities around the Pearl River Estuary relatively less vulnerable. The augmentation of per-capita fiscal expenditure, per-capita gross regional product, and decent air quality rate are the critical ingredients to remedy the vulnerability in the GBA.
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1. Introduction


Entering the 20th century, the global industrial revolution has seen a boost-up. In 1981, geologist Timmermann (1981) introduced the term “vulnerability”, having since been widely used on multidisciplinary occasions such as disaster science, ecology, economics, and engineering [1,2,3]. A growing number of scholars have proposed vulnerability as a research priority and called attention to economic sustainability. Since the 1990s, propelled by international research programs such as IHDP, IPCC, and IGBP [4,5,6], vulnerability-related aspects of research have come to be a frontier and hotspot in several sciences, mainly focusing on the following aspects: (1) the content of vulnerability research has gradually been enlarged from vulnerability concept and theory construction [7] to single and coupled system vulnerability [8], such as hazard system [9], ecosystem [10], water environment system [11], social system [12], and economic system [13]. (2) The dimensions of vulnerability quantification have been extended from the qualitative analysis of influencing factors and mechanisms of systemic vulnerability [14] to the comprehensive assessment of systemic vulnerability based on indicator systems, deducing corresponding instructions and recommendations through quantitative calculation [15]. (3) The case areas on vulnerability mainly concentrate on impoverished mountainous areas that are physically geographically fragile [16], as well as rural [17], borderland [18], and arid desert areas [19], etc., with there being relatively few vulnerability studies for economically developed and coastal areas. (4) Various methods combining system vulnerability assessment and comparison have become mainstream now, such as SEE-BP neural network [13], data envelopment analysis [20], DEA cross-efficiency model [11], etc. The thinking and exploring of vulnerability issues from multidimensional perspectives play a better role in local social, environmental, and ecological sustainable development.



Under this new trend, vulnerability research focuses on case evaluation and theoretical discussion, and gradually evolves to the empirical stage. In the VSD (vulnerability scoping diagram) vulnerability assessment framework proposed, vulnerability is divided into three parts: exposure-sensitivity-adaptability, which has become the most widely applicable assessment framework at present [21]. The research focus of each part has been selected, mainly including vulnerability assessment; resilience assessment and improvement; adaptive cycle and governance; or self-combination and comprehensive research of the three parts according to the characteristics of the study area [22]. On the basis of on-the-spot investigations, scholars have constructed relevant index systems to construct an evaluation index framework and used different methods or models to quantitatively evaluate social-ecological systems. For example, the evaluation index system of Dunhuang’s social-ecological system resilience was constructed in subdimensions, and TOPSIS and BP neural network methods were used to explore the spatio-temporal evolution and disturbance factors of the social-ecological system’s resilience [23].



One of the world’s four major bay areas, the Guangdong–Hong Kong–Macau Greater Bay Area (GBA hereafter), with its unique geographic advantages, has traditionally been the frontline of China’s reform, opening-up, and economic development. However, the region’s burgeoning population, frequent social activities, vast economic volumes, and rapid social changes leave the social-ecological systems (SESs hereafter) in the GBA more prone to non-equilibrium status. Some scholars have established an evaluation index system for urban resilience and found that there are significant differences in urban ecological resilience due to factors such as local economy, finance, and urbanization. Other scholars use machine learning algorithms to conduct research and evaluation on urban ecological changes, and believe that the rapid expansion of cities in Wuhan is deformed, and more attention should be paid to the quality of urban development and environmental sustainability. It has been a key priority in the GBA to balance downscaled high-speed development with ecological sustainability. For more than 40 years of reform and opening-up, the Guangdong Province is at the forefront of economic development and reform, enjoying the exceptional advantage of proximity to Hong Kong and Macau. Rapidly developed into the country’s economically top province, the total economic output of 11 cities in the GBA in 2020 exceeded RMB 11 trillion, making it one of the country’s most dynamic regions nowadays. However, the region’s burgeoning population, frequent social activities, vast economic volumes, and rapid social changes leave the social-ecological systems (SESs hereafter) in the GBA more prone to non-equilibrium status. It has been a key priority in the GBA to balance downscaled high-speed development with ecological sustainability [13,24,25,26].



Until now, domestic and foreign studies on SES vulnerability mainly evolve around “tipping points” [27,28] on inland or areas under specific conditions, seldom extending the research range to a certain city cluster [29]. The extraction of SES vulnerability indicators, the construction of an assessment indicator system, and the calculation of indicator weights, influencing factors, and mechanisms are still shredded in the research stage. Based on the social ecological coupling perspective and the urban characteristics of the Gulf region, constructing a comprehensive system of social-ecological system vulnerability assessment indicators that conforms to the actual situation of local economic and social development, and making reasonable adaptive decisions based on the analysis results, can better help protect urban ecology, promote ecological, and economic integration, and maintain regional sustainable development. Therefore, the paper sheds light on 11 GBA cities, comprehensively considers the social and economic development of the Greater Bay Area over the years, extracts and constructs a comprehensive system of SES vulnerability assessment indicators consistent with the GBA with the help of VSD (Vulnerability Scoping Diagram) analysis framework to perform a quantitative calculation of vulnerability. The quantitative measurement of the SESs in the region from 2010 to 2020 reveals the spatial and temporal evolution of vulnerability and explores its influencing factors in order to provide a theoretical basis for the sustainable development of the GBA.




2. Materials and Methods


2.1. Study Area


Sitting in the Pearl River Delta region of China, the GBA comprises Hong Kong, Macau Special Administrative Regions, and Guangdong Province cities of Guangzhou, Shenzhen, Zhuhai, Foshan, Huizhou, Dongguan, Zhongshan, Jiangmen, and Zhaoqing (Figure 1). In July 2017, the Framework Agreement on Deepening Guangdong–Hong Kong–Macau Cooperation in the Development of the Bay Area was signed in Hong Kong [30], preceding the Chinese government-issued Outline of the Development Plan for the Greater Bay Area, February 2019 [21]. It calls for the development of the GBA into a dynamic world-class city cluster, an international center of science and technology innovation, an important support for the construction of the “Belt and Road”, a demonstration area for in-depth Mainland–Hong Kong–Macau cooperation, and a high-quality one-hour living circle habitable, workable, and travelable. An overall population of 86 million, an entire economic output of RMB 11.4 trillion, and a total area of 54,900 km2 were attained by the GBA in 2021, strengthening its position as a prominent “blue economy” [31,32,33].




2.2. Methods and Data


2.2.1. Indicator System


Within the four main types of analytical frameworks currently used globally for SES research including policy, eco-centric, vulnerability, and integrative [29], the TVUL (Vulnerability Framework) framework proposed by Turner et al. (2003), an anthropocentric vulnerability framework, focuses more on the exposure, sensitivity, resilience, and behavioral orientation and response of vulnerable subjects in multiple ecosystems [34]. Polsky et al. (2007) further proposed the regional-scale multi-element, multi-risk turbulent Vulnerability Scoping Diagram (VSD) [35], an integrative framework prevalent in case studies of quantitative vulnerability assessment of various regions. The VSD framework adopts a stepwise hierarchical data organization defined by “target-dimension-factor-indicator”, able to effectively reflect the internal mechanisms of SES vulnerability and help realize the quantitative calculations of vulnerability. This paper is based on the VSD framework, the SES vulnerability indicators are inputted as the target layer, decomposing vulnerability into three dimensions of exposure, sensitivity, and adaptive capacity [23]. It aims to fully unroll the integrated process of SES coupling, coordination, and development in the GBA, revealing the sensitivity of exposed units to stress, the adaptive capacity to cope with it, and the adaptive regulation of the system under turbulent natural and socioeconomic potential pressures and risks. The corresponding results obtained through analysis can better help the GBA achieve social and ecological integration development. Thus, according to the definition of SES vulnerability, an indicator system fitting the characteristics of its hierarchy and development in the GBA is constructed in relation to regional characteristics of the area (Table 1).



Exposure, being a carrier and causal factor triggering ecological changes, covers climate, vegetation conditions, and socioeconomic activities of natural systems, for which excessive rainfall, increased frequency of acid rain, and typhoon impacts all contribute to increased exposure of the natural environment. Concerning human activities, the increase in population density and the number of tourists deepen the traces of human activities and amplify environmental pressure, with the growing land-use intensity proving human activities’ damage to land ecology. The gaining of regional vegetation coverage and the ratio of arable land will alleviate the exposure measurably and stabilize the SES.



Sensitivity is a trait about the propensity of exposed units to perceive external disturbances and stresses, originating from the states and responses exhibited by eco- and social systems coping with external turbulences and internal succession [35]. Being the leading edge of China’s reform and opening-up, the GBA boasts its domestically first-rate economic development, with industrial structure mainly concentrated in the secondary and tertiary sectors, accompanied by a clustered regional population. Hence in terms of economy, the paper considers growth rates of secondary and tertiary sectors, the Engel coefficient, and per-capita gross regional product as indicators for measuring the sensitivity of economic aspects. The social-ecological parts, on the other hand, take focus on demographic and ecological aspects, assigning natural population growth rate, urbanization rate, mortality rate, and air quality improvement rate as the social measures.



The adaptive capacity aspect refers to the adaptive strategies within the SES to regulate, reduce, prevent, or even expose to hazards. Total investment in fixed assets, per-capita disposable income of residents, per-capita fiscal expenditure, and total annual import and export manifest the living standards of residents, public service capacity, and changes in the economic environment, positively correlated with adaptive capacity. The comprehensive utilization rate of industrial solid waste, public transportation vehicles, number of hospital beds, and road density deliver a multi-perspective depiction of the social infrastructure construction, with the number of college students per 10,000 people suggesting the education level of the population, and sound infrastructure construction and education level contributing to the enhancement of the ability to cope with risks and improve adaptive capacity.




2.2.2. Measurements of SES Vulnerability


Treatment of Assessment Indicators


To cancel the influence of the scale of the indicator data as well as its own degree of variation and numerical magnitude, standardization was performed using Equations (1) and (2) [36].


  Positive   indicators .    X  i j  *  =    X  i j   − m i n  X j    m a x    X j    − m i n    X j       



(1)






  Negative   indicators .    X  i j  *  =   m a x    X j    −  X  i j     m a x    X j    − m i n    X j       



(2)




where    X  i j  *    is standardized data,    X  i j     is the value of indicator  j  in year  i ,   m a x    X j      and   m i n    X j      are the maximum and minimum values of the  j -th indicator in all years, respectively.




Calculation of Indicator Weights


The weights are crucial factors in determining the results of SES vulnerability measurement. The paper employs SPSS19.0 software to conduct a principal component analysis with a KMO statistic of 0.781, corresponding to p-value of 0.000, with the commonality of all variables higher than 50%. Four common factors were extracted, with eigenvalues of 9.297, 3.101, 1.499, and 1.132, respectively, and the cumulative variance contribution 88.41%. To optimize the common factors’ interpretability, coefficients in the factor loading matrix were differentiated between 0–1, with the initial factor loading model processed by Varimax rotation, yielding weights of each indicator via calculations of Equation (3) and normalization (Table 1)


   W j  =   ∑   i = 0  n     M   N    × V   / C  



(3)




where  M  is the factor loading score of each principal component post rotation;  N  is the eigenvalue;  V  is the variance contribution of each principal component;  C  is the cumulative contribution of eigenvalues higher than one. Since the weights of each indicator should be determined separately according to the three dimensions of vulnerability, the    W j    normalization process needs be performed to obtain the corresponding    W j *   .



For exposure, due to domestically phenomenal human activities, high urbanization rate, and chart-topping economic development of the GBA, natural systems’ weights slightly outnumber their human activities counterparts, with the frequency of acid rain (0.123) exerting the greatest impact on exposure and typhoons (0.089) exerting the smallest, and with population density posing the largest weight (0.147), and the ratio of cultivated land the least (0.086) among human activities. In terms of sensitivity, the higher weights are attributed to GDP per capita (0.171) and urbanization rate (0.140), while mortality rate (0.072) is less influential. In terms of adaptive capacity, per-capita fiscal expenditure (0.141), total investment in fixed assets (0.125), road density (0.118) and comprehensive utilization rate of industrial solid waste (0.114) are the key points in reducing exposure risk stress and sensitivity in the GBA.





2.2.3. Quantitative Vulnerability Model Construction


Currently, the quantitative calculation of vulnerability mainly involves a function model, principal component analysis, artificial neural network, spatial multi-criteria assessment, and Graphic Overlay Method [37]. To deliver an accurate calculation of the vulnerability of the research object, the paper combines natural and social characteristics of the GBA, based on causal links and logical relationships among exposure-sensitivity-adaptability in the VSD framework. With references to empirical studies such as Chen et al. (2016) and Wang et al. (2021) [37,38], the explicit spatial vulnerability indicator calculation model of Frazier et al. (2014) (Equation (4)) is specified for quantitative measurement of vulnerability in the GBA [31,39,40].


  V =   E + S   − A C  



(4)




where  V  is vulnerability,  E  is exposure,  S  is sensitivity, and   A C   is adaptive capacity.




2.2.4. Classification of City Vulnerability Levels


Due to the lack of a unified standard for the classification of SES vulnerability in the GBA, considering the relevant studies of urban vulnerability [41] and ecological vulnerability [36], taking into account the specific characteristics of the GBA, the vulnerability degree of cities is classified into five levels, namely,   V ≤ 0.35     for low vulnerability,   0.35 < V ≤ 0.5     for relatively low vulnerability,   0.5 < V ≤ 0.65   for moderate vulnerability,   0.65 < V ≤ 0.8   for relatively high vulnerability, and   V < 0.8   for high vulnerability.




2.2.5. Diagnostic Model of Vulnerability-Causing Factors


To further identify the main factors affecting SES vulnerability of the GBA and to guarantee the SESs’ coordinated and sustainable development, in this paper, we introduce the obstacle degree model for a vulnerability factor diagnosis comprising factor contribution degree, indicator deviation degree, and obstacle degree of 26 secondary factors in Table 1. Among them, factor contribution degree is the degree of a single factor’s influence on the total target, i.e., its weight on the total target; the indicator deviation degree indicates the gap between a single indicator and the socioeconomic development target, which is the difference between the standardized value of a single indicator and 100%; and the obstacle degree indicates the impact value of a single indicator on the sustainable development of the SES, serving as the purpose and result of the system vulnerability diagnosis. The obstacle degree is calculated by the following formula.


   M j  = ( 1 −  X  i j  ′  ) ×    R i  ×  W j     ∑  j = 1  m      1 −  X  i j  ′    ×    R i  ×  W j        × 100 %  



(5)




where    M j    is the single indicator’s obstacle degree,   1 −  X  i j  ′    is the degree of deviation from the indicator,    R i  ×  W j    is the degree of factor contribution,    R i    is the weight of the  i -th categorized indicator, and    W j    is the weight of the  j -th single indicator on the  i -th categorized indicator.




2.2.6. Data Sources


The data of Guangdong Province cities mainly come from China City Statistical Yearbooks, China Regional Economic Statistical Yearbooks, Guangdong Statistical Yearbooks, Guangdong Rural Statistical Yearbooks and each city’s Annual Statistical Yearbooks, Annual Meteorological Bulletins, Ecological Environment Bulletins, National Economic and Social Development Statistical Bulletins, etc. The relevant data for Hong Kong and Macau are primarily from the International Statistical Yearbooks, the official website of the National Bureau of Statistics, the official website of Hong Kong Census and Statistics Department, and the official website of the Statistics and Census Service of Macau. Since the data of Hong Kong and Macau employ unique units of measurement than those of mainland China, their currencies (HKD and MOP) are therefore uniformly converted into RMB for calculation. Meanwhile, due to the limitation of certain data availability, individual missing indicators of specific cities are filled in by interpolation method.






3. Results


3.1. SES Vulnerability Analysis of the GBA


Under the VSD framework and via the vulnerability indicator calculation model, the SES vulnerability results of the GBA are revealed as follows (Figure 2): (1) in terms of exposure, the GBA features subtropical monsoon climate with high temperature, large precipitation, and frequent summer typhoons. Owing to its frontline location in the reform and opening-up, it exhibits an obvious economic growth rate, a dense population, high urbanization, high land use intensity, and diminishing ratio of arable land. As a result, with the increasingly rapid population movement and climate change, the exposure indicator of the GBA always ranges between 0.6–0.8 in a gradual decreasing trend. Among them, in 2010, 2013, and 2017, the SES exposure indicator displayed a small increase due to the influence of mega rainfalls, typhoons, population movement, and the change in environmental assessment regulations. In 2020, influenced by the COVID-19 pandemic, the number of tourists declined sharply [42], with most cities’ pm2.5 indicators dropping to historical lows [43], and the exposure indicator decreasing significantly compared with 2019.



(2) In terms of sensitivity, the GBA, one of the top economic powerhouses in China, has gradually transformed into an important East Asian industrial circulation pivot since the reform and opening up along with the process of globalization, deepening the degree of inter-city correlation and integration ever since. However, the rapid growth of secondary and tertiary sectors and the upsurging urban population have kept the sensitivity of the GBA at high stake. In 2013 and 2015, because of the accelerated economic development of some cities, the growth rate of secondary and tertiary sectors increased significantly that year, resulting in a slight upward trend of sensitivity compared with one year before. Yet after 2015, as the growth rate of secondary and tertiary sectors in most cities declined and the natural population growth rate downshifted, the overall sensitivity indicator of the GBA gradually displayed a continuous downward trend.



(3) In terms of adaptive capacity, since 2010, Guangdong, Hong Kong, and Macau governments have ratcheted up the total investment in fixed assets and fiscal expenditure [44], with per-capita disposable income of residents elevated, comprehensive utilization rate of industrial solid waste improved, road density enhanced, and the SES adaptive capacity of the GBA raised yearly. However, with the trade friction between China and the United States [45], the declining number of hospital beds per 10,000 people, and the emergence of the coronavirus pandemic, the growth rate of the GBA adaptive capacity indicator has tended to slack off in recent years.



(4) For SES vulnerability of the GBA as a whole, with the slow decline of exposure and sensitivity indicators, and the progressive improvement of system adaptive capacity, its overall system vulnerability indicator tends to go down. Although the overall GBA vulnerability was maintained at around 0.9 during 2012–2015 due to small fluctuations in systematic exposure and sensitivity indicators, by 2020, it dropped to its decade low at 0.556.




3.2. Spatiotemporal Evolution and Characteristics of SES Vulnerability


By spatially visualizing the integrative vulnerability indicators of 11 GBA cities in 2010, 2015, and 2020, spatial differences in vulnerability stand out among cities (Figure 3). The overall spatial distribution of vulnerability level types is rather condensed, unfurling the pattern where cities located near the Pearl River Estuary possess relatively lower vulnerability, while cities in the periphery of the Bay Area suffer higher vulnerability. With the passage of time, the vulnerability of 11 GBA cities unfolds a decreasing trend.



In 2010, the SESs in the GBA exhibited high or relatively high vulnerability, except for Hong Kong and Macau, which were in moderate vulnerability. The vulnerability degrees of Huizhou and Foshan were as high as 1.472 and 1.359 due to their speedy economic development, high acid rain frequency, and inferior air quality, while Guangzhou and Shenzhen were at the bottom of the list thanks to their strong adaptive capacity, despite highly developed economies and high exposure and sensitivity indicators.



In 2015, the SES vulnerability of cities faded to a certain extent compared with 2010 owing to the strengthening of ecological land management by local governments, when five cities, Guangzhou, Shenzhen, Zhuhai, Huizhou, and Dongguan, all retreated to moderate vulnerability, and four cities, Foshan, Zhongshan, Jiangmen, and Zhaoqing, also descended from high to relatively higher vulnerability. The Macau region, by virtue of quality ecological environment and high adaptive capacity, had the vulnerability indicator drop to 0.493, making it the first city in the Greater Bay Area with relatively low vulnerability.



In 2020, as a result of the coronavirus pandemic, the first-half economic development of the GBA slowed down, with population flow dwindled, urban ecological environment restored noticeably, and the frequency of acid rain, pm2.5 concentration, number of tourists, and growth rate of secondary and tertiary sectors in each city reduced to different degrees. The SES exposure and sensitivity were reduced to their 10-year lows. The vulnerability of each city in the GBA has been significantly relieved with the improvement of their adaptive capacity, whereas Guangzhou dropped to 0.481, becoming a relatively low-vulnerability city for the first time together with Hong Kong and Macau, while the remaining nine cities diminished to moderate vulnerability compared with 2015, exhibiting a clear city-wise trend of downbeat.




3.3. Vulnerability-Causing Factor Diagnosis of GBA SESs


To explore the major vulnerability-causing factors of the SESs in the GBA, the top two ranked indicators were censored from the results of the indicator obstacle degrees of exposure, sensitivity, and adaptive capacity in each year (Table 2). (1) On the ranking of exposure factors, it is inferable that population density  E  is the most significant potential risk factor affecting the fluctuations of SES exposure. Whereas, with the escalation of rainfall and acid rain in certain years, annual rainfall   E 1     and acid rain frequency   E 2   became potential risk factors affecting the rise and fall of SES exposure in 2010, 2011, 2014, and 2016, though their influence was relatively weak. After 2015, tourist number   E 6   gradually cemented itself as one of the main limiting factors to affect exposure, except that in 2020, influenced by the coronavirus pandemic, tourist numbers in 11 cities fell sharply, giving pm2.5 concentration and acid rain frequency both record lows, and making land use intensity   E 8   one of the main risk factors in 2020 instead.



(2) On the ranking of sensitivity factors, the GBA is one of the top strongholds for domestic economic development, per-capita gross regional product   S 4   is always its most significant source of SES risk. Due to booming urban populations of cities, the urbanization indicator also ascended yearly, with urbanization rate   S 6   turning into an important factor affecting SES sensitivity; however, after 2016, with the GBA formally established, the population growth of each city took a gradual upturn, and governments gave more heed to the management and protection of the ecological environment, making natural population growth rate   S 5   and decent air quality rate the second most effective sensitivity factors, too.



(3) For adaptive capacity factors’ rankings, per-capita fiscal expenditure   A 3   is always the prime factor to improve the adaptive capacity of SESs in the GBA, while total investment in fixed assets   A 1   and per-capita disposable income   A 2   grew into additional key factors. Governments dispose more and more investment funds in social security construction, ensuring the adaptive capacity of GBA cities to be increasingly stronger.




3.4. Vulnerability-Causing Factors in GBA Cities at Different Points


It is apparent through Table 3 that in the GBA, with one of the country’s most striking economic vibrancies, per-capita fiscal expenditure   A 3 ,   and per-capita gross regional product   S 4   have been the main obstacle factors for SES vulnerability of each city. At the same time, the siphon effect brought by the fleeting economic development has continuously pulled in the populations of cities around the Bay Area [46], with the growing population density   E 7   leading to the increasingly severed vulnerability of Shenzhen, Hong Kong, Dongguan, Guangzhou, and other cities.



In 2010, most GBA cities were plagued by high-frequency acid rain E2, which also ranked among the top three obstacle factors for several cities. As the government and the private sector became more environmentally aware, the frequency of acid rain abated in each city, also cutting the impact on vulnerability and withdrawing from the top obstacles factors over time. On the other hand, acid rain frequency E2 in Zhuhai and Jiangmen still ranked in the top three obstacle factors in 2020, indicating that the acid rain situation in these two cities had not been alleviated and governance still needs reinforcement. Meanwhile, total fixed asset investment A1 also appeared as the obstacle factors of Guangzhou, Shenzhen, Foshan, and Huizhou, whose increment can better facilitate cities to reduce SES vulnerability. Finally, the Macau region depends heavily on tertiary sector development due to its unique gaming industry [47], whose growth rate plummeted to −55.7% as the impact of the coronavirus pandemic hit in 2020 [42], shrinking its number of tourists to 5.89 million and making the growth rate of tertiary sector S2 and the number of tourists E6 its main obstacle factors in 2020, in contrast to other cities.





4. Discussion


Serving as one of China’s top harbors of human activities and highly developed economies, vulnerability is one of the key attributes of SESs in the GBA. In theory, based on the SES theoretical framework and the three-dimensional “exposure-sensitivity-adaptive capacity” of the VSD framework, the paper constructs an SES vulnerability assessment framework for the GBA, providing an effective means to reveal the internal variances and identify the vulnerability-causing factors. In order to reduce the vulnerability of the GBA under complicated circumstances, the following aspects are worthy of consideration: first, strengthen environmental protection, reduce pm2.5 concentration and acid rain frequency, and improve decent air quality rate to help alleviate SES exposure and vulnerability; second, optimize social security environment, increase fixed asset investment and financial expenditure, implement the medical security system, and build up road construction under China’s new normal economy [48] to improve the adaptive capacity of the system.



Nevertheless, due to the complexity of the factors affecting system vulnerability and their interrelationships, as well as the narrow understanding of the concept of vulnerability, further exploration can be conducted in the future in terms of indicator extraction, theoretical cognition, and mechanism analysis. It is of great significance to build more scientific and reasonable SES vulnerability assessment indicators, focusing on the exploration of relationships between the components of vulnerability. The SES vulnerability of the GBA and the unbalanced development in the region hint at the fact that sustainable development of the Bay Area is a long-term and laborious undertaking. In the face of limited statistical data access, the paper merely measured the vulnerability evolution patterns and influencing factors of the GBA starting from 2010, covering a relatively short time span and expecting further research for a longer period of time.




5. Conclusions


Based on the triaxial “exposure-sensitivity-adaptation” pattern of the VSD framework, the paper specializes the GBA as the study area and comprehensively analyzes its vulnerability levels, spatiotemporal evolution, and SES vulnerability factors. Through the construction of a vulnerability assessment indicator system, via the explicit spatial vulnerability indicator calculation model, and vulnerability factor diagnostic model of Frazier et al. (2014) [39], the main conclusions are as follows.



(1) Since 2010, the SES vulnerability of the GBA has shown an overall trend of alleviation. The speeded-up economic development, population movement, and climate change have maintained the exposure and sensitivity indicators of the GBA between 0.6–0.8, in a downward trend. Governments ramped up the total investment in fixed assets and fiscal expenditure, meanwhile increasing per-capita disposable income of residents over time, enabling the improvement of the adaptive capacity of SESs in the GBA yearly. The overall vulnerability of the Bay Area declined to its lowest of 0.556 in a decade, due to the impact of the coronavirus pandemic in 2020.



(2) By spatially visualizing the integrative vulnerability indicators of 11 GBA cities in 2010, 2015, and 2020, we find the vulnerability indicators of all 11 cities to decrease visibly, with three cities, Guangzhou, Hong Kong, and Macau descending from relatively high and moderate vulnerability in 2010, to relatively low vulnerability in 2020, and the other eight cities receded to moderate vulnerability in 2020, too. Spatially speaking, the overall geographical distribution of classified vulnerability levels is rather concentrated, with cities around the Pearl River Estuary relatively less vulnerable.



(3) The potential risks and vulnerability-causing factors of SES vulnerability in the GBA mainly derive from population density   E 7  , acid rain frequency   E 2  , number of tourists   E 6  , and urbanization rate   S 6  . The augmentation of per-capita fiscal expenditure  A 3, per-capita gross regional product     S 4  , and decent air quality rate   S 8   are the critical ingredients to remedy the vulnerability in the GBA.



(4) In future research, we can consider the relevant content of the ocean, to build a more comprehensive social-ecological system in the Bay Area.
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Figure 1. The Spatial Scope of the GBA. 






Figure 1. The Spatial Scope of the GBA.



[image: Land 12 00924 g001]







[image: Land 12 00924 g002 550] 





Figure 2. Overall Evolution of SES Vulnerability in the GBA, 2010–2020. 
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Figure 3. Spatiotemporal Evolution of SES Vulnerability of Cities in the GBA in 2010, 2015, and 2020. 
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Table 1. Assessment Indicator System of SES Vulnerability in the GBA.
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Target Layer

	
Dimension Layer

	
Element Layer

	
Indicator Layer

	
Relevance

	
Weights






	
SES Vulnerability Indicator

	
Exposure

	
Natural Systems

	
Annual Rainfall E1

	
+

	
0.105




	
Acid Rain Frequency E2

	
+

	
0.123




	
Number of Typhoon Impacts E3

	
+

	
0.089




	
PM2.5 Concentration E4

	
+

	
0.121




	
Vegetation Coverage E5

	
−

	
0.114




	
Human Activities

	
Number of Travelers E6

	
+

	
0.112




	
Population Density E7

	
+

	
0.147




	
Land Use Intensity E8

	
+

	
0.103




	
Ratio of Cultivated Land E9

	
−

	
0.086




	
Sensitivity

	
Economic Aspects

	
Secondary Industry Growth Rate S1

	
+

	
0.134




	
Tertiary Sector Growth Rate S2

	
+

	
0.118




	
Engel Coefficient S3

	
+

	
0.095




	
Gross Regional Product Per Capita S4

	
−

	
0.171




	
Social Aspects

	
Natural Population Growth Rate S5

	
+

	
0.129




	
Urbanization Rate S6

	
+

	
0.140




	
Mortality S7

	
+

	
0.072




	
Excellent Air Quality Rate S8

	
−

	
0.141




	
Adaptability

	
Economic Aspects

	
Total Investment in Fixed Assets A1

	
+

	
0.125




	
Per-Capita Disposable Income A2

	
+

	
0.103




	
Per-Capita Financial Expenditure A3

	
+

	
0.141




	
Total Annual Import and Export A4

	
+

	
0.086




	
Social Aspects

	
Comprehensive Utilization Rate of Industrial Solid Waste A5

	
+

	
0.114




	
Number of Public Transportation Vehicles Per 10,000 People A6

	
+

	
0.107




	
Number of Hospital Beds Per 10,000 People A7

	
+

	
0.094




	
Number of College Students Per 10,000 People A8

	
+

	
0.112




	
Road Density A9

	
+

	
0.118
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Table 2. Main Obstacle Factors of SESs in the GBA, 2010–2020.
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Exposure Factors Ranking

	
Sensitivity Factors Ranking

	
Adaptive Capacity Factors Ranking




	
Year

	
1

	
2

	
1

	
2

	
1

	
2






	
2010

	
   E 7   

	
   E 2   

	
   S 4   

	
   S 6   

	
   A 3   

	
   A 1   




	
(18.723)

	
(14.262)

	
(15.542)

	
(10.439)

	
(15.113)

	
(9.796)




	
2011

	
   E 7   

	
   E 2   

	
   S 4   

	
   S 6   

	
   A 3   

	
   A 1   




	
(17.352)

	
(14.915)

	
(15.371)

	
(11.103)

	
(13.776)

	
(10.181)




	
2012

	
   E 7   

	
   E 5   

	
   S 4   

	
   S 6   

	
   A 3   

	
   A 1   




	
(18.535)

	
(13.974)

	
(15.117)

	
(10.722)

	
(14.557)

	
(10.040)




	
2013

	
   E 7   

	
   E 4   

	
   S 4   

	
   S 8   

	
   A 3   

	
   A 4   




	
(18.427

	
(12.752

	
(14.673)

	
(11.694)

	
(14.645)

	
(9.233)




	
2014

	
   E 7   

	
   E 1   

	
   S 4   

	
   S 6   

	
   A 3   

	
   A 1   




	
(16.931)

	
(12.104)

	
(14.138)

	
(10.892)

	
(14.593)

	
(9.578)




	
2015

	
   E 7   

	
   E 6   

	
   S 4   

	
   S 6   

	
   A 3   

	
   A 1   




	
(17.269)

	
(12.931)

	
(14.294)

	
(10.407)

	
(14.446)

	
(9.081)




	
2016

	
   E 7   

	
   E 1   

	
   S 4   

	
   S 5   

	
   A 3   

	
   A 2   




	
(14.394)

	
(14.367)

	
(15.118)

	
(10.584)

	
(14.537)

	
(10.311)




	
2017

	
   E 7   

	
   E 6   

	
   S 4   

	
   S 5   

	
   A 3   

	
   A 1   




	
(13.695)

	
(12.334)

	
(15.095)

	
(11.803)

	
(14.490)

	
(11.854)




	
2018

	
   E 7   

	
   E 6   

	
   S 4   

	
   S 8   

	
   A 3   

	
   A 2   




	
(13.092)

	
(12.104)

	
(14.351)

	
(9.396)

	
(14.177)

	
(10.309)




	
2019

	
   E 6   

	
   E 7   

	
   S 4   

	
   S 6   

	
   A 3   

	
   A 2   




	
(12.856)

	
(12.670)

	
(14.072)

	
(10.875)

	
(13.892)

	
(11.471)




	
2020

	
   E 7   

	
   E 8   

	
   S 4   

	
   S 8   

	
   A 3   

	
   A 1   




	
(12.464)

	
(10.347)

	
(13.029)

	
(11.304)

	
(13.451)

	
(12.807)
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Table 3. Top Three Vulnerability Obstacle Factors of 11 GBA Cities in 2010, 2015, and 2020.
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City

	
Top 3 Obstacle Factors in 2010

	
Top 3 Obstacle Factors in 2015

	
Top 3 Obstacle Factor in 2020




	
First Obstacle

	
Second Obstacle

	
Third Obstacle

	
First Obstacle

	
Second Obstacle

	
Third Obstacle

	
First Obstacle

	
Second Obstacle

	
Third Obstacle






	
Guangzhou

	
A1

	
S4

	
E2

	
A3

	
S4

	
E7

	
A3

	
S4

	
E7




	
Shenzhen

	
S4

	
E2

	
A2

	
S4

	
E7

	
A1

	
E7

	
S4

	
A1




	
Zhuhai

	
S4

	
A3

	
S6

	
A3

	
S4

	
S6

	
S4

	
E2

	
S6




	
Foshan

	
E2

	
E7

	
S4

	
A1

	
S4

	
E7

	
S4

	
E7

	
A1




	
Huizhou

	
S1

	
E2

	
S8

	
A3

	
E6

	
S4

	
S4

	
A3

	
A1




	
Dongguan

	
E7

	
S4

	
E2

	
S4

	
E7

	
A3

	
S4

	
E7

	
A3




	
Zhongshan

	
A3

	
E2

	
S6

	
A3

	
S4

	
S2

	
A3

	
S4

	
A2




	
Jiangmen

	
S2

	
S4

	
E2

	
S4

	
E2

	
A3

	
A3

	
S4

	
E2




	
Zhaoqing

	
S1

	
A3

	
E2

	
A3

	
E4

	
A1

	
A3

	
A1

	
E4




	
Hong Kong

	
S4

	
E7

	
A3

	
S4

	
A3

	
E7

	
A3

	
S4

	
E7




	
Macau

	
S4

	
E7

	
A3

	
S4

	
A3

	
E6

	
A3

	
S2

	
E6
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