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Abstract: In urban areas, concentrated populations and societal changes intensify the influence of
climate change. However, few studies have focused on vulnerability to climate-related risks on
the scale of a single urban area. Against this backdrop, we reconstructed a spatial vulnerability
framework based on the drivers-pressures-state-impact-response (DPSIR) model to reflect the complex
interactions between urbanization and climate change and to integrate the natural and socio-economic
factors of urban areas into this framework. Furthermore, to explore the relationship between rapid
urbanization and climate change, we studied data from two years that represented different stages of
urbanization. The results showed that the index framework was able to reconcile these two concepts
to reflect the complex interactions between urbanization and climate change. The assessment results
indicate that the overall degree of climate change vulnerability exhibits a generally increasing and
dispersing trend after rapid urbanization. The increasing trend is influenced by an increase in
low-vulnerability areas, and the dispersing trend is influenced by anthropogenic activities caused
by rapid urbanization. The changes are reflected in the following observations: 1. The suburbs are
affected by their own natural environmental characteristics and rapid urbanization; the vulnerability
level has risen in most areas but has declined in certain inland areas. 2. High-vulnerability regions
show minor changes during this stage due to the lasting impact of climate change. Finally, the main
environmental problems faced by high-vulnerability areas are discussed based on existing research.

Keywords: climate change; vulnerability; model DPSIR; urbanization; Shanghai

1. Introduction

The impacts of climate variability, which manifest as floods, storms, heat waves, and other extreme
events, create enormous developmental challenges for human society. Especially in urban areas,
the effects of climate change are becoming increasingly complex because of the interactions between
human activities and environmental conditions. Most cities around the world are affected by climate
change, and these impacts will worsen in the coming decades [1,2]. In response, cities need a bottom-up
adaptation system for spatial planning, regulations, and policies to reduce the impacts of climate
change, which requires a comprehensive understanding of the existing impacts of climate change.

To achieve this understanding, the most basic and critical task is to define the impacts of climate
change. Most existing research focuses on natural events, such as extreme heat events [3-5], floods [6,7],
and storm surges [8,9]. Beyond estimating the probability of physical damage, in urban areas, it is
important to consider the social context in which impact occurs, because people do not necessarily
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share the same perceptions of impact [10]. Therefore, many studies suggest that impact should be
assessed with social, economic, political, psychological, and environmental variables to integrate
physical and social attributes [11], especially for studies in urban areas. In addition, a growing body
of research indicates that the influence of climate change is a dynamic systemic process, in which
there exists a complex correlation between climate change and the urbanization process in urban
areas [11-13]. Some studies have proposed that urbanization contributes to the impacts of climate
change. For example, related studies have reported that the urbanization process in the transformation
of an agricultural society to a modern urban society would shape the sensitivity, response capacity,
and actual response actions of urban areas. Many perspectives in these studies emphasize urbanization
as a driver of climate change exposure [14]. Therefore, a more comprehensive evaluation system is
needed that considers not only the effects of climate change on the natural conditions but also the
complex correlation between climate change and urbanization.

Many studies have attempted to develop theoretical frameworks for impact evaluation. In recent
years, evaluation of disaster vulnerability has become an important theoretical tool for disaster
management [15-18]. The IPCC report provided a clear definition of climate change vulnerability,
which included the three perspectives (exposure, sensitivity, and adaptability of the environmental
system) [19]. The report describes the impacts of climate change scientifically, and it has made
vulnerability framework a focus of research for global climate change. Currently, the existing research
on climate change vulnerability reflects two main research directions: (1) on the temporal scale, in which
the study area is considered as a whole, the trends of the vulnerability are examined on long-term
time scales, and holistic suggestions for specific study areas have been proposed [20,21]; (2) on the
spatial scale, in which various spatial factors are combined, the differences between vulnerability
evaluation results within the study region are evaluated, and different suggestions for different regions
have been proposed [22-24]. Many vulnerability assessment studies have been conducted on large
scales [25], such as Europe [26] and North America [25]. Considering that large-scale research can only
provide an understanding of overall impact, it is difficult to transform these research results into local
policies and measures within a single city because each city has a different socio-economic and natural
background [15,27]. In addition, the results of most previous studies are based on the measurement of
indicator systems [28], which cannot explain the influence process of climate change. Especially in
urban areas, it is difficult to reflect the interactions between human activities and environmental change
only from the three perspectives considered in the IPCC’s concept of climate change vulnerability.
Thus, it would be helpful to add process analysis models to the vulnerability framework.

In addition to the concept of vulnerability, models that can describe disaster impacts and
reflect the influencing factors include the following: the pressure-state-response (PSR) model
proposed by the OECD [29], the driving force-state-response (DSR) model proposed by the United
Nations [30], and risk hazard models [31]. On the basis of these models, the OECD also proposed
the drivers-pressures-state-impact-response (DPSIR) model, which was adopted by the European
Environment Agency. Based on pressure and state indicators, this model extends the description of
the environmental system to five indicators, as shown in Figure 1: “drivers”, “pressures”, “state”,
“impact”, and “response”. Among these indicators, “drivers” refers to the underlying causes of
environmental change; “pressures” refers the factors that act on the environmental system after
the effects of the “drivers”; “state” is the state of the natural environment under such pressures;
“impact” is the effect of the natural system state on the ecosystem environment and social economy;
and “response” describes the related measures taken by humans to prevent, mitigate, or eliminate a
negative impact [32]. The model can cover factors of economy, society, population, and environment in
a regional system, providing a perspective on the interactions between humans and environmental
systems in the process of impact analysis [32]. The DPSIR model has been applied to research on
biodiversity conservation [33], sustainable development [34], environmental pollution [35], and water
resources protection [36].
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Figure 1. The drivers-pressures-state-impact-response (DPSIR) model [32]. The grey arrows represent

the potential paths of influence by response.

Although few studies have applied the DPSIR model in the climate change field, the evaluation
content of the model can reflect the impacts of climate change on natural systems and socio-economic
factors within urban areas, which is consistent with the goal of climate change impact assessment.
More importantly, the theoretical framework of this model can reveal the relationship between climate
change and urbanization within urban areas based on the analysis of the interactions between people
and the environment. Existing research on this issue has shown that this model has an advantage in
revealing underlying causes [28,37]. One benefit of this analytical framework is that it can help us
understand the dynamic structure of a complex system and connect conceptual exploration beyond
social and natural phenomena [38].

Based on these problems with the current research, the main research contents of this study can
be divided into the following two aspects:

(1) Developing a theoretical framework of climate change vulnerability at the city scale. The first
objective is to develop an assessment framework for urban areas based on common terminology
originating from the climate change vulnerability concept and the DPSIR model. The proposed
framework should reflect the interaction between human activities and natural conditions within
urban areas. Links between the conception of vulnerability and the DPSIR model should not be
merely theoretical but should be included in the specific index chosen based on a summary of
vulnerability indexes at the city scale [22,39].

(2) Exploring the characteristics of urban climate change vulnerability at different stages
of urbanization.

To break through the limitations of analysis at the city scale, we attempt to use remote sensing and
GIS methods to quantify several spatial indexes, identify vulnerable areas, and explore factors leading
to the vulnerable states in different years. Information about spatial variations should make city
managers aware of the trends in climate change and human activities in different stages of urbanization
and allow them to propose adaptations to address the impacts of climate change in the future.

2. Study Area

Shanghai is a typical metropolitan area with 24.20 million people distributed over 6340.50 square
kilometers of land (Figure 2a), which is located in the estuary of the Yangtze river on the eastern coast
of China. In recent decades, due to the rapid development of China’s economy, Shanghai has become
one of the fastest-growing cities in the world [40].

Shanghai is located in the subtropical monsoon region at the edge of the largest continent (Eurasia)
and faces the largest ocean (the Pacific). Strong monsoon characteristics make the climatic conditions
in this region extremely unstable. As a result, the region’s natural environmental conditions are
particularly sensitive, making the effects of climate change on this region more pronounced. Several
studies have shown that the effects of climate change in this region are already significant, as reflected
by the increased frequency of extreme weather events and rising sea level [41]. The most intuitive
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indication is the increase in the annual average temperature. Data from the Shanghai Statistical
Yearbook indicate that every ten year’s mean temperature change has been 0.50 °C/a over the past
60 years, and the trend coefficient is 0.68 (p < 0.0001), indicating that there has been a significant
warming trend in the Shanghai area over the past 60 years (Figure 2b). In addition, the change in the
average temperature in recent decades can be divided into two stages: from 1990 to 2010, the annual
mean temperature changed by up to 1.03 °C/10 a, which is twice the rate of change over the past
60 years; however, subsequently, and especially after 2007, the annual average temperature has shown
a decreasing trend.

Annual average temperature (°C)

1960 1970 1980 1990 2000 2010

Years

(b) Distribution of the annual mean temperature anomalies
in Shanghai from 1960 to 2015

Figure 2. Schematic of Shanghai, China. (a) The spatial distribution of the districts of Shanghai.
(b) Distribution of the annual mean temperature anomalies in Shanghai from 1960 to 2015.

In addition to natural conditions, the artificial environment within the city is also undergoing
dramatic changes. This city has a long urbanization history, but most of the population growth and
economic expansion have occurred since the 1990 Pudong Development. From 2000 to 2010, Shanghai’s
population increased by 75.35%. To illustrate the influence of an increasing population on the urban
environment, Landsat images were used to depict the distribution of artificial surfaces in the study area
in different years. As shown in Figure 3, the area occupied by artificial surfaces increased significantly
from 1987 to 2013. In 2010, Shanghai hosted the World Expo, and urban construction subsequently
entered a new historical stage, during which the percentage of the urbanized population approached
89%. Subsequently, the rapid growth trend slowed sharply. Therefore, the percentage of the urbanized
population in recent decades can also be divided into two stages. Dramatic changes to the artificial
environment have been accompanied by the development of social and economic conditions, as the
average per capita disposable income of urban residents has increased from 1175 USD to 4741 USD.
Education has also progressed, as the average number of college students per 10,000 people increased
from 141 to 224 (from 2000 and 2010; Shanghai Statistics Bureau, http://www.stats-sh.gov.cn).
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Figure 3. The artificial surface distribution in the study area in 1987, 1993, and 2013. These results were
calculated according to a supervised classification method based on each year’s Landsat MMS, TM,
and eight dates, which were obtained from http://www.gscloud.cn/.

This study focused on Shanghai mainly because of the following three aspects: (1) As a typical
estuarine city, the natural conditions of Shanghai are highly sensitive, which makes the impacts of
climate change particularly acute in this area. (2) Considering that the natural and socio-economic
conditions in this area are undergoing dramatic changes simultaneously, the results of a study in this
area will reflect the complex interactions between natural conditions and human activities in an urban
area. (3) In recent years, the annual average temperature and the proportion of the urban population
have shown different characteristics at different stages. A comparative study of different years can
reflect the periodic characteristics of climate change vulnerability against the background of rapid
urbanization. It can also provide ideas for adapting to the next stage of urbanization and the response
to the impacts of climate change.

Over the past two decades, the average temperature and the proportion of the urban population
in Shanghai has shown different characteristics in different time periods. Variations in the average
temperature changed by the year 2009 (before 2009, the values increased with fluctuations, whereas
after 2009, the values decreased with fluctuations). Variations in the proportion of the urban population
changed by the year 2007 (before 2007, the values had a distinct upward trend, and the rate of increase
slowed significantly after 2007). Therefore, considering the different characteristics of the two datasets
in different time periods and the availability of the data for each year, we selected 2006 and 2013 to
represent different stages of urbanization to explore the impact of climate change in different stages
of urbanization.

3. Materials and Methods

3.1. Research Framework

We used a definition of climate change vulnerability that incorporated three interacting concepts:
exposure, sensitivity, and adaptive capacity [42,43]. Exposure describes the degree to which a system
is exposed to major climate-related events [44]. Sensitivity refers to the degree of adverse or beneficial
effects to the urban system related to climate change [45]. Adaptive capacity is determined by “a set of
local resources and conditions that limit or support the capability of the system to adapt to climate
changes” [19]. The second concept used in this study was the DPSIR model, which is widely used
by many international organizations [46,47] to refine environmental indicators and to represent the
change process in a system. This concept can be simply defined as follows: drivers exert pressures
on systems. As a consequence, the resulting impacts evoke responses that can bring changes to the
drivers, pressures, state, and impact [48].

We proposed to integrate an evaluation based on the reconstruction of the concept of climate change
vulnerability with the DPSIR model to provide detailed insight for urban areas. This approach not only
demonstrated the framework’s utility for vulnerability evaluation; the integration also provided a useful
tool with which to organize interacting information related to both human activities and environmental
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changes. We proposed the integration framework by identifying concept implication to develop links
between vulnerability components (exposure, sensitivity, and adaptive capacity) and the components
of the DPSIR model (drivers, pressures, state, impact and response). The relationship between the
two frameworks was not consistent; a concept in one framework may have corresponded to multiple
concepts in another framework [49]. The resulting integrated framework is shown in Figure 4.

Socio-economic Drivers Climate Change Drivers
-Population increase -Sea level rise
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Figure 4. Reconstruction of the concepts of climate change vulnerability based on the DPSIR model to
provide a detailed structure for urban areas.

Drivers and pressures (from the DPSIR concept) are considered to correspond to the vulnerability
concept of exposure. The drivers reflect latent changes. We divided this concept into socio-economic
and climate change drivers that could exert pressures on the urban system. These elements are similar
to the concept of exposure, which describes the degree to which a system is exposed to forces of change.
According to related research [43,50], socio-economic pressures caused by socio-economic drivers are
pronounced in urban systems because human influences dominate. In contrast, climate change drivers
directly cause changes in the environmental state of the urban environment.

The state concept of DPSIR refers to the current conditions in the urban system. According to the
relevant research [49] and considering the characteristics of the city system, the state represents the
exposure degrees of an urban area as well as the prevailing sensitivity of the system. In urban areas,
for instance, the exposure of the system would be reflected by the quantifiable state under all forms
of pressure [43]. In contrast, sensitivity is the capacity of the urban system to adjust to pressures or
drivers without adverse changes in the absence of adaptation action.

The impact concept of DPSIR is similar to the concept of sensitivity in the framework of
vulnerability, but it is also somewhat different. In the DPSIR framework, impact is caused by the state
changes, and the degree of impact is determined by the degree of the state changes. The core concept of
sensitivity is to describe the degree of state change under the exposed condition. Therefore, these two
concepts are consistent in terms of system content. However, when considering the cause-and-effect
relationship between the two conceptual models, the contents of the two concepts diverge. In DPSIR,
a response is considered to be a result of an impact; the two are causal relations. In the framework
of vulnerability, there is no causative link between sensitivity and adaptive capacity. In an urban
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system, for example, these concepts can exist simultaneously. In this study, to adapt to the concept of
vulnerability, the response and impact were considered to be independent.

The response and adaptive capacity are consistent with what they refer to: they are related to
the urban system’s reaction to an impact or current state. As noted above, response is the result
of an impact in the DPSIR framework. In contrast, the adaptive capacity’s status in vulnerability
framework is more independent; it represents not only the response but also the adaptability within
the urban system.

In addition to conceptual construction, we considered the influences of climate change and
urbanization in the research framework. At the beginning of the framework, we divided the
drivers into socio-economic and climate change drivers. According to the terminology of the DPSIR,
the framework content differentiates exposure and sensitivity into two major types (socio-economic
and environmental), corresponding to the influencing processes of urbanization and climate change on
the urban system.

Despite these conceptual differences when connecting these two frameworks, complexities of
the urban system would be more intuitive, and interactions between natural conditions and human
activities could be visualized through the framework of this study.

3.2. Indicators for the Evaluation Framework

Indicators for this framework were based on relevant climate change research performed on
an urban scale [39,51,52]. Because different years and different regions were involved in this study,
several additional indicators that were capable of quantification and spatialization were selected in this
study. The selected indicators for the different vulnerability aspects are shown in Figure 4, and their
descriptions are summarized in Appendix A Table A1.

To choose evaluation indicators, two aspects were considered in this study: (1) The indicators had
to be suitable to develop an evaluation framework of urban climate change vulnerability from related
vulnerability research. (2) Based on the framework of DPSIR, we examined these indicators further,
with respect to each influence and response processes, to ensure that every process in the DPSIR model
had a quantitative evaluation indicator. This allowed the DPSIR model to reflect the interaction process
between climate change and urbanization in study area, as shown in Figure 4. To better describe the
process of choosing indicators and the interaction between the vulnerability and DPSIR frameworks,
the process is described below, starting with “drivers”.

There were two aspects of indicators for vulnerability drivers based on society and the natural
environment. For the society aspect, as a major factor for the man-made urban environment, population
density was used as an indicator for the socio-economic drivers. In contrast, the natural drivers were
divided into external and internal environments in urban areas. For climate change vulnerability,
sea level rise was used as an external natural driver, and land surface temperature (LST) was used as
an internal natural driver.

As a result of the socio-economic drivers, there were different pressure features in the overall
and local urban areas. For the overall aspects, we chose to focus on the overall characteristics of land
use because pressures that were caused by different land-use types would affect the urban ecological
environment with different intensities. Therefore, the different land-use types in the study area were
defined as sources of the climate change exposure pressure level for the urban ecological environment.
In local urban areas, regions with high industrial output were areas where human activities caused
significant environmental pressure. The industrial output proportion was estimated in order to
evaluate the society pressure potential.

Subsequently, in socio-economic and environmental states, the different effects of pressures and
drivers would result in different state features. For the socio-economic state, the elderly population
ratio was used as an indicator of the urban society state. An area with a large elderly population was
considered to be a sensitive area if, based on the climate change conditions, the elderly population
would be easily affected by extreme weather events, such as heat waves or extremely low temperatures.
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In addition, proportion of agricultural output was used as an indicator of urban economic state.
Areas with high agriculture proportions were areas in which the economic structure was sensitive to
climate change. The environmental state for urban areas was also divided into two aspects for the
different features according to external and internal natural drivers. Water body distribution was used
as a proxy state indicator for the sea level rise driver. A region close to a water body was considered
to be sensitive to the impact of sea level rise [39]. Vegetation coverage was estimated to evaluate
the overall urban ecological environment based on the stronger promotion effect of the surrounding
environment from higher amounts of vegetation coverage. For the purpose of impact indicators, as a
result of state changes, two representative impacts were selected based on the regional problem in the
study area. As the economic center for the surrounding region, high unemployment rates would have
a profound effect on the social stability in areas of Shanghai in the context of climate change. Therefore,
we selected unemployment rate as a socio-economic indicator of sensitive impact. There is a high daily
water demand because the region has a high population concentration, but water pollution is still a
serious problem in Shanghai [53]. Therefore, we selected water quality as an environmental impact
indicator for climate change sensitivity in Shanghai.

There were two types of community responses: government and personal. For the government
level, we selected the support for infrastructure, science, and technology from the government,
which determined the adaptability of the urban region to climate change. For the personal level,
economic capacity determined the resources a person could obtain from society, which determined the
adaptability of a person to climate changes. Many studies have demonstrated that there is a significant
correlation between the impact level of extreme events and a person’s income [54].

It should be noted that indicators for different DPSIR aspects would not theoretically target the
logical relationship of the DPSIR model because the limited data sources could not meet all required
five aspects of the DPSIR model. However, in the specific setting of this framework, indicators from
the corresponding DPSIR aspect were considered. Above all, indicators for different vulnerability
components should target the logical relationship of the vulnerability.

3.3. Methods of Indicator Integration

In this study, integration methods for all of the indicator contexts had several challenges.
First, many types of indicators from nature and society were determinants of climate change
vulnerability. Therefore, the integration methods required in this study were used as the unit
of analysis to calculate all types of indicators based on the complex evaluation framework presented in
the previous section. Furthermore, for the comparison of the two years, this study devised a single
integration system for research on different years.

Many scholars have provided index-based approaches for vulnerability assessment [15,39,43,55].
Accordingly, we divided integration methods into two steps. (1) We defined a 500-meter grid system
as the basic unit of the vulnerability evaluation system (Figure 2a), and the indicators selected from
the evaluation framework presented in Section 3.2 were resampled and modified into the same grid
system using ArcGIS. To develop standardized sub-indices, the normalization method was adopted to
standardize all of the indicators into ranges of 0-1 for comparison calculations in every grid, according
to the related research [56,57]. In addition, the values for each standardized indicator were divided into
five levels according to the natural discontinuous point method (the values for these levels were 1, 2, 3,
4, and 5) to further enable a comparative study of the two years, which could not be easily compared if
the variables were too different. (2) Thereafter, the climate change vulnerability index was calculated
using the vulnerability additive approach, which has been widely used to calculate climate change
vulnerability indexes [15,43,57]. In this step, we first weighted all of the indicator values from the
aspects of exposure, sensitivity, and adaptive capacity using Equation (1). The weighted mean referred
to the number of variables in the sub-indicators of exposure, sensitivity, and adaptive capacity and the
components of vulnerability based on related research in urban areas [39]. Nevertheless, compared to
one year’s study, the weighted mean, which ranged from 0 to 1, referred to the number of variables
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in the two years for further comparison. Second, the values of the vulnerability components were
calculated with Equation (2). Based on the same method used in the previous step, the climate change
vulnerability index was calculated using Equations (3) and (4), and we obtained the vulnerability
patterns for the two years in Shanghai:

Lh (3% + %)
(1%006 4 1%013)

Wn - ’ (1)

where 120% refers to the value of indicator 7 in 2006 in the components of exposure, sensitive, or adaptive
capacity, and W, refers to the weighted value of the indicator n:

n

Co=) (WyxI), @

1

where a is equal to 2006 or 2013 and v is equal to 1, 2, or 3 (representing the components of exposure,
sensitive, or adaptive capacity, respectively). When a is equal to 2006 and v is equal to 1, n represents
the number of indicators in the exposure; for example, C%O% refers to the value of exposure in 2006:
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where 7 is also equal to 2006 or 2013; for example, V refers to the value of the vulnerability in 2006.

4. Results

4.1. Potential Changes of Exposure, Sensitivity, and Adaptability

In general, to easily identify the differences between study results of different years, we divided
the exposure, sensitivity, and adaptability results into five levels using the same threshold levels (“very
high”, “high”, “moderate”, “low”, “very low”), as shown in Figure 5.

The exposure level in the results of the two years was compared. Urbanization had a positive effect
on the exposure level because it increased the artificial surface, urban heat island, and population in
regions surrounding the city center, such as Fengxian, Songjiang, and Northern Pudong. In contrast,
the exposure level did not increase significantly from 2006 to 2013 in the city center (Figure 5a). In the
downtown area, the population capacity was close to saturation, and changes in the high exposure values
of the urban center were relatively small. In certain areas of the city center, such as Yangpu and Xuhui,
the degree of exposure even declined. However, these decreases did not mean that these areas had low
exposure to climate change; rather, these areas had relatively low levels compared to those in the past.

The sensitivity value, in contrast, declined slightly. The spatial variation of higher sensitivity
values was similar in 2006 and 2013 (Figure 5b) because the process of urbanization in the most sensitive
areas did not change much under the impact of climate change; these regions were near lakes and
river systems and in areas with high ratios of agricultural economy. In addition, the sensitivity of
Chongming Island was higher than that in other regions mainly because there is a high proportion of
the ageing population and an extensive agricultural economy.

Climate change adaptability in the results of the two years was compared (Figure 5c). The main
changes occurred in the inland suburbs. The processes of urbanization and industrialization had
positive effects on the increases in the adaptability levels in suburban areas, such as Qingpu and
Jiading, because the levels of employment, income, and economic input from the government increased.
No areas in the city center had significant changes. In general, the values of the adaptive capacity were
more dispersed.
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Figure 5. Patterns of the vulnerability component results. The upper row represents the 2013 results,
and the lower row represents the 2006 results. (a) Pattern of exposure; (b) pattern of sensitivity; and (c)
pattern of adaptive capacity.

4.2. Spatial Patterns of Climate Change Vulnerability

1)

@)

The aspect of numerical value had apparent differences in the vulnerability values of the two
years. On the one hand, the vulnerability value in 2013 was significantly higher than that in 2006.
Figure 6b shows that the most vulnerable areas increased from 2006 to 2013; the “very high” and
“high” classes increased, respectively, from 22.16% and 8.01% in 2006 to 29.53% and 11.38% in 2013.
On the other hand, the classes “very low” and “low” decreased to 9.57% and 17.40%, respectively,
in 2013. In general, the values of all vulnerability results tended to be scattered from 2006 to 2013.

Based on the results from the box plots (Figure 7), increases in the most vulnerable areas occurred
because exposures increased as a result of the concentration of human activity in the suburbs.
As discussed above, exposures in suburbs such as Jiading, Baoshan, Minhang and Pudong have
increased significantly since the process of urbanization began.

For the aspects of spatial pattern, in general, the spatial differences between the vulnerability
results from the two years were inconspicuous, particularly in the areas with higher vulnerability
values, which were mainly distributed in the city center on both sides of the Huangpu River and
other areas where the natural environment was vulnerable, such as the eastern part of Chongming
Island and the area surrounding Dianshan Lake. The similar high vulnerability values for both
years were due to the impacts of climate change, which resulted in minor changes in the spatial
variations of the higher exposure and sensitivity values.

We also showed spatial changes in the values from 2006 to 2013 to understand the changes in

detail. Figure 8 shows spatial results after calculation of the changes (D-values between the 2013
and 2006 vulnerability evaluation results) for each grid. Unlike the overall vulnerability distribution
(decrease from the city center to the surrounding area), two trends were shown in the conversion
strength results: (1) a decreasing trend from coastal to inland areas and (2) a decreasing trend from
south to north, which is shown in Figure 8. The suburbs were the main areas of change, which could
be divided into two categories: (1) significant increase in lower vulnerability values in most of the
southeast suburbs and (2) decrease in the vulnerability levels of some inland areas, such as Qingpu.
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Figure 6. Results of the climate change vulnerability assessment. (a) Vulnerability results for two years
using the same five threshold levels; (b) proportions of areas in each level of vulnerability.
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Figure 7. Box plots of different vulnerability components in 2006 and 2013.

Figure 8. Spatial distributions of the changes in the vulnerability levels between 2013 and 2006.
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5. Discussion

The impacts of climate change are gradually increasing, especially in urban areas with complex
interactions between social and natural conditions, which shape the different spatial characteristics
of the vulnerability in different time periods. Many studies have focused on a single year, and the
evaluation framework of the vulnerability could not reflect the social and natural interactions in
urban areas. Therefore, there is a lack of research that reflects climate change processes, especially in
urban areas.

Due to these shortcomings, this study first attempts to integrate an evaluation, by reconstructing
the concept of climate change vulnerability based on the DPSIR model, to provide a detailed structure
for analyzing social and natural interactions in urban areas. Second, we use GIS, RS, and other technical
means to integrate social, economic, and natural data on an urban scale. Furthermore, we attempt to
reflect climate change vulnerability in the process of urbanization by comparing two years that are
representative of distinct stages of urbanization.

5.1. Transformation Characteristics of Two Years’ Results

The evaluation results mainly show two inconsistent features of the numerical distribution of
vulnerability values for the two years: (1) The overall climate change vulnerability level has increased
significantly. The analysis results show that the increasing vulnerability values in the suburbs are the
main reason for this increase. (2) Certain areas have experienced little change, including areas along
the coast or along the river such as the Dianshan Lake area and the eastern part of Chongming Island,
which have high levels in both years. This general feature is consistent with previous research results
in Shanghai (Wang et al. 2018).

In addition, the components of vulnerability also have different transformation characteristics,
which can help to elucidate the vulnerability change process during different urbanization phases.
Among these characteristics, overall, the higher exposure and sensitivity values are similar in 2006 and
2013, indicating that there is no structural change in the final outcome of the vulnerability assessment
in 2006 and 2013. Additionally, the changes in the spatial patterns of the urban center’s exposure,
sensitivity, and adaptability were relatively small, whereas these values changed significantly in the
suburbs; the transformation of the suburbs can be further divided. The exposure and sensitivity values
within the inner suburbs increased significantly from 2006 to 2013, while adaptability strengthened in
the outer suburbs.

5.2. Reasons for the Different Transformation Characteristics

As the evaluation framework in this study was developed based on the concept of vulnerability
and the DPSIR model, we explored the factors contributing to the transformation according to these
two frameworks.

From the framework of vulnerability, overall, the significantly increasing value of exposure is the
main reason for the final increase in the vulnerability level from 2006 to 2013. Specifically, due to various
socio-economic backgrounds, different regions exhibit different transformation trends. First, in the area
along the river or coast, climate change impacts generally lead to a consistent trend in the background
of sea level rise and increasing temperatures, so the spatial variations in the higher exposure and
sensitivity values are similar in 2006 and 2013. Ultimately, the high-value area shows less change in
the evaluation results of the two years. In contrast, the values of the three vulnerability components
changed greatly in the suburbs, especially in the eastern coastal suburbs where the exposure and
sensitivity levels increased considerably. In the western inland suburbs, adaptability increased during
the urbanization process. These differential development trends are the main reason for the different
changes in the vulnerability levels, as shown in Figure 8. Moreover, the framework and the components
of vulnerability can help us to understand the cause of spatial changes in vulnerability assessment
results during different urbanization phases; however, this framework cannot present the complete
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process of climate change influence on the urban system because of the complex interaction between
urbanization and climate change.

To understand the changing process and the reasons behind the value distribution, we need to
analyze the evaluation results from the DPSIR model. In this part, we discuss the DPSIR framework
according to the “drivers” component. As shown in Figure 4, there are two types of “drivers”:
(1) with respect to the “drivers” of climate change, the urban temperature and sea level increased
under the climate change process. As a result, certain coastal and riverside areas have a higher climate
change exposure level than other regions. Subsequently, the climate change drivers would also impact
water body and vegetation conditions within the urban area, especially in the eastern coastal area
where the influence of climate change is significantly stronger than that in the western inland suburbs.
(2) With respect to the “drivers” of urbanization, in contrast, the values of vulnerability components
changed everywhere under the impact of urbanization. The resident population in Shanghai has risen
markedly because the ageing population has grown within the urban area. Additionally, obvious
changes in the land-use types have occurred, especially in suburban areas. Consequently, in the
suburbs the rising industrialization level has decreased the proportion of the agricultural economy and
the unemployment rate. Under these processes, the levels of exposure and sensitivity have increased
in the city center and inner suburbs, while the adaptability level in the outer suburbs, especially the
western suburbs, has improved as a result of urbanization from 2006 to 2013. These differences led to
different development characteristics between the eastern and western suburbs.

5.3. Distribution of Areas of High Vulnerability to Climate Change and the Main Associated Problems

Although the spatial distribution of vulnerability in the suburbs has undergone dramatic changes,
the high-grade values have not changed significantly, indicating that urbanization during this period
did not optimize these high-vulnerability regions effectively under the impact of climate change. It is
important to determine the areas of these high-value regions and explore the reasons for the formation
of the high vulnerability levels.

Using the field calculation tool in ArcGIS, we selected the areas where the vulnerability values
were greater than 3 in both years. As shown in Figure 9, these areas were mainly distributed in four
regions: (1) the eastern part of Chongming Island, (2) the city center on the both sides of the Huangpu
River, (3) the southeast corner of the coast, and (4) the area surrounding Dianshan Lake.
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Figure 9. Areas with vulnerability assessment values greater than three in both 2006 and 2013.
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The problems in these regions are apparent, and the type of problems they face are different based
on the local research.

(1) The eastern part of Chongming Island: Because of the high sensitivity and low adaptability,
the overall vulnerability level in this area is relatively high. This result is consistent with the
results of related ecological studies [58,59]. Due to sea level rise, the coastal zone has eroded and
the tidal flat wetlands have been decreasing, which has had an impact on the local wetland’s
vegetation structure and temporal and spatial distributions.

(2)  The city center on both sides of the Huangpu River: Climate change and sea level rise will increase
the intensity of storm surges, causing the Huangpu River to fill with saltwater and influence the
urban areas [60].

(3) The southeast corner of the coast: Consistent with the results of related research [61], the increases
in the seawater temperature and the dissolved CO, concentration in seawater will lead to
acidification of marine water, changing the composition of the water. In recent years, typhoons
have occurred, and the rising water level will result in increases in the frequency and intensity of
storm tides, which will significantly affect the ecological safety of this region.

(4) The area surrounding Dianshan Lake: Eutrophication is the main problem facing Dianshan
Lake. In the future, increasing temperatures may increase the growth of algae in rivers and lakes,
expand the area of eutrophic water, and significantly affect the water quality and the surrounding
water environment. This problem was also identified in a related study [62].

5.4. Limitations

In the selection of research years, the study mainly considered two years to represent the middle
and late stages of urbanization in Shanghai. By studying a year at the beginning of urbanization,
we could explore the process of climate change throughout the process of urbanization. However,
due to limited data availability, evaluations of earlier years in Shanghai were not completed, which can
be further considered in other areas. In general, this study uses a relatively direct method to calculate
vulnerability to climate change, but it does not consider the impact of climate change in future scenarios
after urbanization continues to advance.

To focus the scope of the results of this study and to apply this method to other urban regional
studies, only data that could be freely obtained at the urban scale were selected for this study. Therefore,
the data sources could be supplemented for studies of other regions based on the actual conditions.

The integrated urban environment is a complex and interacting system, but this evaluation does
not reflect the interactions among numerous factors. In addition, the classification methods for each
index in this study focus on reflecting the contrast between the two years, which may not be appropriate
for studies that focus on a single year.

6. Conclusions

The vulnerability framework from the IPCC can provide accurate descriptions of climate change
problems, whereas the vulnerability concept does not reflect the complex interactions between nature
and society in urban areas, and it cannot reflect the complete process of the influence of climate change
on urban systems. Additionally, the DPSIR framework offers a model that provides a useful tool with
which to organize interacting information related to both human activities and environmental changes
under the process of climate change. Connecting these two frameworks makes the complexity of the
urban system more intuitive, and the interactions between natural conditions and human activities can
be visualized.

Vulnerability evaluation results showed that the impact of climate change is a gradual process
that is associated with dramatic changes in human activities. The “drivers” of climate change and
urbanization cause the influence process to have different spatial characteristics. Finally, the overall
vulnerability index increased significantly, and the spatial distributions in different regions showed
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distinctive characteristics, which can be summarized as follows: (1) the regions with high vulnerability
values underwent no significant changes due to the impacts of climate change. (2) The suburbs are the
main areas of significant change due to the impact of urbanization, and this impact process would be
diverse in different suburbs because of the various natural and social backgrounds among suburbs.

Through the discussion of three spatial variations (exposure, sensitivity, and adaptability), it can
be concluded that exposure rise is the main reason for vulnerability changes in this period. The specific
reasons for regional changes are different: in most southeastern suburban areas, the intensity of human
activities has significantly increased. The degree of exposure and sensitivity has been enhanced so that
the overall vulnerability level has been significantly increased. In Qingpu and other parts of the inland
region, values of exposure and sensitivity increased little for the stability of the natural ecosystem.
Meanwhile, urbanization promoted economic development and increased the adaptability of these
regions; thus, the trend of the overall vulnerability level has decreased. With the development of
future urbanization, the vulnerability level is bound to rise. The existing urban planning, however,
lacks attention to the environmental problems in suburbs. With the further population increase in these
areas, strategies for coping with climate change will become important. These findings should not
lead to the conclusion that an inevitably negative correlation exists between urbanization and climate
change vulnerability across various sensitivity and capacity factors, which is different from the results
of other studies [63,64]. In this case, a wide array of capacity-enhancing effects from urbanization
can be found, particularly in suburban areas. Similar conclusions were reached in other studies,
which have noted that on aggregate, urban areas are leading the development process and, thus,
shaping the adaptive capacity of many urban areas [39]. However, in cases where rapid urbanization is
not matched by economic growth, the challenges from climate change can be tremendous [64], such as
in the inner suburbs in this study.

In this study, we enriched the concept of urban climate change vulnerability by incorporating
the DPSIR framework to accurately reflect the background of rapid urbanization and climate change.
More importantly, the DPSIR model offers a more comprehensive perspective to analyze the impacts of
climate change. This model can also help reflect the interaction of climate change and urbanization
processes when we conduct studies in different years, a capability that is lacking in the framework of
vulnerability assessments.

In future research, we plan to study an additional year that represents the early stage of urbanization
to fully understand the spatial evolution of climate change vulnerability during the urbanization
process. In addition, we will analyze aspects of Shanghai’s specific socio-economic data, such as
industrial pollutant emission data, to elucidate the interaction between climate change and social and
economic activities. This issue is closely related to human health and has been examined in related
studies (Fang et al. 2013, Sohail et al. 2018). Future research will verify spatial results according to
the incidence of deaths due to related diseases in order to optimize the existing index selection and
evaluation methods and clarify the spatial distributions of the different vulnerability levels.
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Appendix A
Table A1. Data sources and processing methods for each index.
Component Indicators Source Calculation Method
Sea level rise Shutter Radar Topographic Mission Using a digital elevation model (DEM) with a 30-meter resolution to 1de.nt1fy coastal and low-lying areas;
the values below sea level represent the exposure level to sea level rise.
Through the retrieval algorithm of LST, the band information of Landsat images is converted to LST.
Exposure Land surafce temperature (LST) Landsat TM/ETM The higher the LST is, the higher the exposure.
Proportion of industrial output National economy and social development  The values are assigned to the spatial extent of each district with the ArcGIS spatial analyst tool.
P P bulletins from every district The higher the industrial development is, the higher the exposure.
Population increase Shanghai statistical yearbook Thf) calcul.atlon mtethod is the same as for Devtel.opment of Industry”. The higher the population per
unit area is, the higher the degree of vulnerability.
The spatial distributions of different land-use types are obtained through ENVI'’s spatial algorithm tools.
Urban land-use type Landsat TM/ETM Each land type is provided with a different vulnerability rank: forest and shrub grass land—T1,
farmland—2, lakes and rivers—3, bare land—4, and artificial surfaces—5.
L Using ArcGIS’s multi-loop buffer tool, the study area is divided into different distances from bodies of
Water body distribution Landsat TM/ETM water. The closer a site is to a body of water, the higher the vulnerability level.
. . . The water quality distribution map is vectored through ArcGIS; the worse the water quality is,
Water quality Water resource quality-zoning ma the higher the vulnerability level of the body of water.
Sensitivity ) Standard deviation of normalized difference Data. from March, June, Sep.teml.)er, ar.1d December of 2006 and 2013 are averaged for each year, and the
Vegetation coverage vegetation index (NDVI) spatial results are standardized into five levels.
& The lower the NDVI is, the higher the vulnerability level.
Unemplovment rate National economy and social development  The unemployment rate is divided into five categories by the natural discontinuity method. The higher
POy bulletins from every district the rate is, the higher the vulnerability level.
. . . - The proportion of the elderly population is calculated for each district. After standardization, the data of
Elderly population ratio Shanghai Statistical Yearbook each district are put into the grid. The higher the ratio is, the higher the vulnerability level.
. . National economy and social development . - . s
Proportion of agricultural output bulletins from every district The higher the proportion is, the higher the vulnerability level.
. 1. . - The proportions of the average financial incomes are divided into five categories by the natural
Adaptive Capacity Average financial incomes Shanghai Statistical Yearbook discontinuity method. The lower the proportion is, the higher the vulnerability level.

Support for science and technology

National economy and social development
bulletins from every district

The comportment is divided into five categories by the natural discontinuity method. The lower the
total is, the higher the vulnerability level.
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