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Climate change is an increasingly severe global crisis, posing threats to ecosystems, economies, and human lives. To address these threats, different cities around the world have adopted various levels of adaptation strategies to cope with varying degrees of negative impact, such as increasing water efficiency and enhancing health response systems. Despite some progress, there is a spatial discrepancy among cities in terms of their vulnerability to climate change and their adaptation readiness. Uncovering the reasons behind this spatial discrepancy could help us formulate better policies to address climate issues. To this end, we conduct an empirical analysis using city response data from 2020, sourced from the Carbon Disclosure Project (CDP), focusing on a dataset that encompasses 421 cities worldwide. Specifically, we first formulate a “vulnerability index” to measure the propensity of cities to suffer negative effects in the event of climate hazards and a “readiness index” to represent their adaptation readiness level. Then we introduce the “discrepancy score” to quantify discrepancies across cities and discover the spatial distribution of the discrepancies through spatial visualization. Further, we employ a clustering analysis method named k-means to group different cities based on vulnerability index and readiness index. Finally, we perform Geographically Weighted Regression (GWR) to quantitatively analyze the spatial correlation between the economy and the discrepancy score of different cities. Our research mainly reveals several findings: (1) European cities tend to exhibit high levels of adaptation readiness with low degrees of vulnerability. In contrast, African cities consistently display heightened degrees of vulnerability combined with limited adaptation readiness. (2) Economic factors play a significant role in the spatial discrepancies between levels of adaptation readiness and degrees of vulnerability of cities; (3) The impact of the economy on the discrepancy scores exhibits significant spatial heterogeneity, with its influence being greater in European and African regions compared to other areas. Our study contributes both theoretically and practically to the comprehension of global climate change. It provides evidence-based support for the development of more effective climate change mitigation strategies and lays the foundation for fostering worldwide collaboration and initiatives.
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1 Introduction

Climate change is garnering global attention due to its increasing prevalence and impact (Zuccaro and Leone, 2021; Truong et al., 2022). With the continuous increase in greenhouse gas emissions, the Earth's average temperature has been escalating annually, resulting in heightened occurrences of extreme weather events, rising sea levels, and glacial melt (Piao and Wang, 2023). These environmental shifts damage ecosystems and affect the lives and economies of countless individuals (Nunn et al., 2021). Climate change manifests itself in food and water shortages, the emergence of ecological refugees, and biodiversity loss (Rahman and Hickey, 2019). To counter these impacts, city governments worldwide have begun implementing climate adaptation strategies (Swart et al., 2014). Adaptation to climate change is vital, serving as an adjustment mechanism for evolving or anticipated climatic conditions and their ramifications. Numerous regions have recently embraced such policies (Swart et al., 2014). In Asia, adaptation measures have been integrated into development planning, early warning systems, water resource management, and coastal zone management (Abbass et al., 2022). Similarly, in Europe, adaptation considerations now include environmental protection, coastal and water resource management, land planning, agricultural risk management, and disaster mitigation (Grafakos et al., 2020; Linares et al., 2020). Despite some progress, most observed adaptation strategies are unequally distributed across regions (Eriksen et al., 2021). Developed countries, with their access to advanced technologies and greater human and physical capital, are able to adopt more efficient and innovative strategies. In contrast, developing countries often rely on traditional or existing technologies, which could potentially limit the effectiveness and scope of their adaptation strategies (Saeed et al., 2023). Unfortunately, developing countries are more susceptible to climate change due to poor environments and weak socio-economic status (Hamidi et al., 2020). These disparities lead to a spatial discrepancy among cities in terms of their vulnerability to climate change and their adaptation readiness. In cities where the level of adaptation readiness is lower than the degree of vulnerability, there is an adaptation deficit, and the impact of climate change will be further exacerbated. Conversely, in cities where the level of adaptation readiness is higher than the degree of vulnerability, there is an adaptation surplus which could lead to a serious waste of resources (Amegavi et al., 2021). As climate change intensifies, this spatial discrepancy could precipitate risks such as significant population migrations, resource competitions, and regional tensions (Perch-Nielsen et al., 2008). In addition to these risks, such a spatial discrepancy could also exacerbate socio-economic inequalities (Islam and Winkel, 2017). Addressing this spatial discrepancy is thus of paramount importance.

Although it is essential to address the discrepancy between vulnerability and adaptation readiness, scientific literature on this topic remains limited. Existing studies about vulnerability and adaptation readiness to climate change can be broadly clustered into three main categories. The first category examines how well nations and cities are equipped for present and anticipated climate changes (Sarkodie and Strezov, 2019; Amegavi et al., 2021). Many researchers in this area utilized the Notre Dame Global Adaptation Initiative (ND-GAIN) data to establish indexes across the country or city level (Leal Filho et al., 2019; Halkos et al., 2020). The second category investigates the facilitation of adaptation readiness. Some scholars found that affluent cities typically exhibit robust social, governance, and economic readiness (Sarkodie et al., 2022). Meanwhile, Birchall et al. (2023) carried out a comparative qualitative analysis, identifying that the structural peculiarities of regional governments can either bolster or impede climate adaptation strategies. The third category interlinks adaptation readiness with vulnerability. For instance, some scholars have explored the nexus between adaptation readiness and climate vulnerability, deducing a substantial inverse relationship (Amegavi et al., 2021). Similarly, some scholars analyzed the interrelationship among climate change perceptions, vulnerability, and readiness across 17 Latin American nations (Azócar et al., 2021). They discovered that individuals' perceptions of climate risks can substantially impact urban readiness. In conclusion, most studies have explored the extent of vulnerability and adaptation readiness across various locales and identified underlying influential factors. They merely quantified vulnerability and readiness levels (Sarkodie and Strezov, 2019; Amegavi et al., 2021). While some studies investigate the interactive relationship between adaptation readiness and vulnerability, they often overlook the spatial discrepancy in these aspects (Amegavi et al., 2021; Azócar et al., 2021). Furthermore, these studies often focus only on local areas, which can lead to conclusions with certain limitations.

In an effort to bridge gaps in the literature and contribute a global context to climate change, we empirically study the spatial discrepancy among 421 global cities in terms of their vulnerability to climate change and their adaptation readiness. Firstly, we formulate vulnerability and readiness indexes based on the ND-GAIN framework (Chen et al., 2015), using city response data from 2020 sourced from the CDP. In line with previous literature (Allen Consulting, 2005; Azócar et al., 2021), we consider three aspects of vulnerability: exposure, sensitivity, and adaptive capacity. Vulnerability measures the propensity of cities to suffer negative effects in the event of climate hazards, while readiness assesses a city's potential capacity to adapt to these hazards (Ready and Collings, 2021). Then we introduce the “discrepancy score” to quantify discrepancies across cities. The discrepancy score is obtained by subtracting each city's rank in the vulnerability index from its rank in the readiness index across all the study samples. After calculating the above indices, we conduct a geographical visualization of the cities' vulnerability and readiness levels. Further, we employ a clustering analysis method named k-means to group different cities based on vulnerability index and readiness index. Through cluster analysis, we group all cities into four broad categories and focus on which cities have a discrepancy between vulnerability and readiness. Finally, we perform the GWR to quantitatively analyze the spatial correlation between the economy and the discrepancy score of different cities. Our research indicates that economic factors are a significant reason for the spatial discrepancies in the level of urban readiness and vulnerability. The impact of the economy on these discrepancies shows notable spatial heterogeneity, with its effects being more pronounced in the cities of Europe and Africa compared to other regions.

This paper is structured as follows: Firstly, Section 2 provides a review of existing literature on climate change vulnerability and adaptation readiness. In Section 3, we construct a conceptual framework for understanding climate adaptation. In Section 4, we outline our study area, data sources, variables, techniques, and the steps of our analysis. Section 5 presents the results of our empirical analysis. In Section 6, we conduct a detailed discussion of this study. In Section 7, we summarize the main findings, results, and viewpoints of this study.



2 Literature review


2.1 The research of vulnerability to climate change

In academia, there is a lack of consensus among scholars regarding the definition of vulnerability. However, vulnerability typically refers to the susceptibility or weaknesses of a system or individual when confronted with external pressures, risks, or changes (Li et al., 2022). Within the context of climate change, there has been a growing awareness of the varying impacts of climate change and adaptive capacity among different regions, social groups, and ecosystems. In particular, vulnerability refers to the extent to which a system is prone to adverse impacts, such as those stemming from climate change, and cannot effectively respond to these impacts (Leary et al., 2001). This concept is employed to address various aspects, including geological hazards, risk research, climate change, and land use alterations (Zhang et al., 2021). To more accurately describe the vulnerability of different regions and systems to climate change, scholars have gradually associated the concept of “vulnerability” with “climate change,” giving rise to the term “climate change vulnerability”. As research into the impacts of climate change has deepened, this term has progressively gained widespread usage in academic circles and policy formulation to characterize the climate change risks and challenges faced by diverse regions and populations (Judd et al., 2022).

Early scholars examined the influencing factors of vulnerability and delineated three theoretical streams. The first is the entitlement theory, which interprets vulnerability as interconnected economic and institutional factors. Entitlements are a source of achieved or potential welfare or income, which can be understood as a “bundle of alternative commodities that a person in a society can command with the totality of rights and opportunities he or she faces” (Zahran et al., 2006). Fundamentally, when people lack income and wealth, and previously held alternative funds collapse, their vulnerability to responding to natural disasters becomes amplified. In contrast, the second theoretical stream tends to explain vulnerability from a physical perspective. They believe that physically exposed factors influence the degree of vulnerability when facing disasters. For instance, it has been found that almost all types of natural disasters and various social and political disruptions have distinctly different impacts on different groups within a society (De Sherbinin et al., 2012). For many natural disasters, vulnerability hinges on where humans reside, how they utilize natural resources, and the resources they must contend with. Moreover, some scholars have synthesized economic and physical factors to propose the “human-ecological” theory. They attempt to analyze why individuals with lower economic income or those on the societal margins face a higher risk of natural disasters (Thuiller, 2007). For instance, it was discovered that individuals with poorer economic conditions often reside in areas with elevated risks, thereby exposing them to more significant risks of floods, diseases, and other chronic stresses, resulting in heightened vulnerability. In conclusion, climate vulnerability is closely interconnected with the affected cities' political, cultural, economic, and territorial conditions (Krellenberg et al., 2017). Climate change vulnerability assessment refers to the assessment activities aimed at determining the extent of climate vulnerability in a particular location to reduce related risks posed by climate change impacts (Schneider et al., 2001). In extensive research, vulnerability often comprises three crucial parameters: exposure, adaptability, and sensitivity (Smit and Wandel, 2006; Amegavi et al., 2021; Sarkodie et al., 2022). Among them, exposure refers to the extent to which a system or region is exposed to climate change. Exposure can be measured by considering the impacts of climate change, such as rising temperatures and changes in precipitation. Sensitivity refers to the degree to which a system or region reacts to climate change and the extent to which it is adversely affected. Depending on their specific characteristics and conditions, different systems and groups may have varying sensitivities to climate change.

The existing literature about vulnerability to climate change can be divided into four categories. The first category is about the influencing factors of climate change vulnerability, such as economy (Binita et al., 2015), geographical factors (Li et al., 2022), and social structure (Biermann and Pattberg, 2008). In a recent study, Sarkodie et al. (2022) concluded that the vulnerability to climate change is largely influenced by factors related to economics, society, and institutions. The second category is about the climate change vulnerability among different sectors and industries. Bedeke (2023) reviewed the climate change risks in agriculture in sub-Saharan Africa, people's vulnerability to these risks, and synthesizes different methodologies and models used to assess vulnerability and adaptation. The third category is about the vulnerability of natural ecosystems to climate change, such as biodiversity (Tournebize et al., 2022), ecosystem stability (Zhang et al., 2022), ecosystem services (Tran et al., 2022). The last category focuses on the vulnerability of specific regions or geographic locations. Most studies showed concern of climate change vulnerability for the Asian and African continents (Blekking et al., 2022; Onyeneke et al., 2023).



2.2 Readiness to climate change

Climate change response primarily encompasses mitigation and adaptation strategies (Sarkodie et al., 2022). Mitigation primarily focuses on reducing global greenhouse gas emissions to address the overarching global climate issue, while adaptation involves a series of policies or measures to alleviate the adverse impacts of climate change (Füssel and Klein, 2006). Urban climate readiness aims to indicate potential signs of change and identify intervention measures to enhance readiness in various domains (Khan and Amelie, 2015). Climate readiness refers to a series of measures and policies adopted by a specific city, region, or country to address the impacts of climate change. These measures aim to enhance the adaptive capacity of social, economic, and ecological systems to mitigate the adverse effects of climate change. Climate readiness encompasses infrastructure upgrades, natural resource management, urban planning, social and economic policies, risk assessment and early warning systems, and technological innovations. The ultimate goal of climate readiness is to reduce vulnerability to climate change, increase the resilience of ecological and social systems, and achieve sustainable development. In general, readiness capacity often encompasses six factors: adaptive decision-making and stakeholder engagement, adequate scientific availability, political leadership, public support for adaptation, and institutional organization (Ford and King, 2015). Significant disparities exist in climate change readiness among different cities (de Sherbinin and Bardy, 2015; Romero-Lankao et al., 2016). These differences can be attributed to various factors, including geographical location, economic level, government policies, and societal awareness. Firstly, geographical location determines the potential climate change impacts a city might face. Coastal cities may be more vulnerable to threats such as rising sea levels and storm surges, while inland cities may be more susceptible to extreme climate events like floods and droughts. Secondly, the economic level influences a city's capacity to allocate resources for readiness efforts. Economically developed cities often have more financial resources to enhance infrastructure, establish early warning systems, and promote innovative technologies (Markantonis et al., 2019). Government policies also play a significant role in determining a city's level of readiness (Rickards et al., 2014). Some cities may adopt proactive climate policies encouraging sustainable development and emission reduction measures, while others may lack relevant policy support. Finally, societal awareness plays a pivotal role in a city's readiness level. Urban residents' climate awareness and behavioral habits can impact a city's readiness and response capabilities.

It is important to note that enhancing climate change readiness requires close collaboration among various sectors, including government, businesses, academia, and community organizations (Biermann and Pattberg, 2008; Jordan and Huitema, 2014). Intersectoral cooperation can facilitate resource integration, knowledge sharing, and the formulation of comprehensive response strategies. Firstly, governments play a pivotal role in policy and regulatory development. Establishing relevant departments and institutions, they coordinate interdepartmental collaboration and formulate holistic plans for climate change readiness. Secondly, active involvement from the business sector is equally crucial. Businesses can contribute financial resources and technology to promoting sustainable development and take an active role in reducing carbon emissions and driving green innovation. Academic research and innovation provide scientific foundations for formulating readiness strategies. Community organizations represent the interests of marginalized groups, ensuring their full consideration in the readiness process.



2.3 Vulnerability and readiness to climate change

A close relationship exists between climate change vulnerability and readiness levels (Francini et al., 2020). Enhancing readiness will likely reduce people's vulnerability to climate change (Amegavi et al., 2021). Effective readiness measures can reduce a city's vulnerability to climate change events. For instance, investments in early warning systems, infrastructure improvements, and emergency response mechanisms can enhance the city's resilience during disasters. By establishing appropriate infrastructure, developing sustainable resource management strategies, enhancing the resilience of social and economic systems, and implementing measures such as emergency warning systems, a region can mitigate the damages it faces when confronted with climate change. The enhancement of climate readiness contributes to improving the ability of both society and ecosystems to respond to climate change, thereby reducing their vulnerability. Many scholars have begun to focus on the relationship between climate change readiness and vulnerability. For instance, based on panel data from 192 United Nations countries, Sarkodie and Strezov (2019) investigated the link between climate change vulnerability and adaptation readiness; Amegavi et al. (2021) studied 51 African countries and found significant adverse effects of adaptation readiness on climate change vulnerability in the region; Otto et al. (2021) examined climate change readiness in 104 cities in Germany and discovered variations in readiness across cities of different sizes; Saeed et al. (2023) researched countries with varying income levels using panel data from 1995 to 2020, revealing that countries with lower income levels are more susceptible to the impacts of climate change.

However, concerning the scope of research subjects, these studies predominantly focused more on the influence of climate change readiness between different sectors, countries, or within nations on climate change vulnerability without considering the spatial disparities in climate change vulnerability and readiness among different global cities. Although some studies have compared climate change vulnerabilities and readiness levels in some cities, larger-scale, comprehensive urban comparative investigations still need to be done. Such investigations would provide deeper insights into the disparities and similarities among global cities. Regarding research methodologies, these studies primarily employ quantitative statistical methods such as Ordinary Least Squares (OLS), Data Envelopment Analysis (DEA), and Panel Mean Group (PMG). Regarding research content, scholars primarily emphasize the influencing factors, with few addressing spatial disparities and the potential discrepancy between readiness and vulnerability. For instance, some cities may be located near coastlines, facing risks from rising sea levels and extreme weather events like hurricanes, potentially resulting in higher vulnerability.

Conversely, inland cities may encounter distinct challenges due to climate change impacts, such as droughts and water resource shortages. Additionally, the socio-economic status of a city can influence its readiness; cities in developed countries often possess more resources and technological capabilities to address climate change. Specifically, this study makes the following contributions: Firstly, it provides insights into the unique challenges and opportunities that different cities face by analyzing disparities in climate vulnerability and readiness on a global scale. This understanding can facilitate tailored policy recommendations for each city. Secondly, the study offers decision support to urban planners, environmental agencies, and social organizations. This support can lead to optimizing urban planning, resource allocation, and environmental measures, enhancing adaptation to climate change challenges. Thirdly, on a broader scale, by revealing diverse cities' vulnerabilities and readiness levels, the study contributes to achieving climate-related goals within the United Nations Sustainable Development Agenda. Consequently, it contributes to advancing global sustainability objectives.




3 Conceptual framework

To more effectively address the research questions, this section establishes a conceptual framework that clarifies the relationships among climate risk, adaptive capacity and vulnerability. According to the Intergovernmental Panel on Climate Change (IPCC), Climate risk is the potential for negative consequences for human or ecological systems from the impacts of climate change. In the context of climate change, vulnerability is defined as the propensity or predisposition to be adversely affected (Sarkodie et al., 2022). It comprises three components: exposure, sensitivity, adaptive capacity and it includes a variety of factors that determine a community's or system's ability to withstand the impacts of climate change. Adaptive capacity refers to the ability of individuals, communities, organizations, or nations to respond to and adapt to the impacts of climate change (IPCC, 2023). This includes mitigating the negative impacts of climate change and capitalizing on any potential positive effects. Drawing on the UNFCCC adaptation framework (Schipper, 2006) and ND-GAIN framework (Chen et al., 2015), we established a new framework to illustrate the relationship between climate risk, vulnerability, and adaptive capacity, as shown in Figure 1. In the climate change context, exposure and sensitivity together describe the potential impact that climate change can have on a system, and this potential impact is referred to as climate risk (Fellmann, 2012). Vulnerability takes into account not only exposure and sensitivity but also the adaptive capability. Therefore, it actually refers to the residual impact or risk that a system faces after making efforts to adapt to climate change (Allen Consulting, 2005). When facing climate change, relevant sectors will conduct vulnerability assessment, and then implement corresponding adaptation strategies. Vulnerability assessment helps understand the climate problem, while adaptation is the method of solving the problem. It is clear that these factors form a dynamic cycle. High climate risk can be a driver for increasing adaptation, which in turn can reduce vulnerability and hence lower climate risk. Conversely, high vulnerability can exacerbate the impacts of climate risk, highlighting the need for improved adaptive capacity.


[image: Figure 1]
FIGURE 1
 Conceptual framework. Source: Author's construction based on Allen Consulting (2005).




4 Materials and methods


4.1 Study area

In this study, all the city samples analyzed were obtained from the 2020 CDP dataset. In 2020, CDP collected climate change information from a total of 566 cities. During the information gathering phase, certain cities exhibited a deficiency in available data. After excluding entries with missing information, we obtained a final sample of 421 cities. These cities span multiple countries and regions, representing a variety of cultural, economic, and geographical backgrounds. Specifically, the majority of the cities come from the Americas, Africa, and Europe.



4.2 Data sources

To understand the foundational reasons for the spatial discrepancy among cities in terms of their vulnerability to climate change and their capabilities for adaptation, we utilized city response data from the Carbon Disclosure Project (CDP) to construct relevant indicators and indices. The CDP is a global non-profit organization that motivates companies and governments to curtail greenhouse gas emissions, conserve water resources, and preserve forests. Each year, CDP supports companies, cities, states, and regions in measuring and managing their risks and opportunities related to climate change. The information supplied during the annual reporting process is used to score companies and cities on their journey through disclosure. The CDP data is a survey data. As of the current date, the CDP has amassed a dataset encompassing climate change metrics spanning the years 2018 through 2020. However, the 2020 dataset stands out for its comprehensiveness, making it the focal year for our analysis. The city questionnaire of 2020 encompasses 11 sections that delve into the multifaceted aspects of cities' environmental and climate adaptation initiatives. The structure of the city questionnaire is elucidated in Table 1. For instance, in the first section, cities are encouraged to outline the most salient climate challenges they face and highlight factors that shape their adaptive capacities. The second section delineates the primary actions, strategies, and goal formulations initiated to counteract climate change and diminish associated risks and vulnerabilities. Other sections include descriptions related to food, energy, water resources, etc. All responses to the questions are either categorical or variables. The CDP dataset has been frequently cited in past research addressing environmental and social matters (Luo et al., 2012; Li et al., 2018). As this dataset expands annually to encompass a growing number of companies and cities, the potential for impactful data utilization correspondingly increases. Additionally, we incorporate the GNP index sourced from the Sustainable Development Goals (SDG) to represent a city's economic wealth (Sdg, 2019). Here, we selected the national-level GNP value to represent the economic level of these cities, which is used to roughly represent the relative economic level of the cities, consistent with prior research (Vittersø et al., 2002). The SDGs comprise a set of 17 global objectives aimed at tracking advancement toward diverse sustainability targets delineated by the United Nations 2030 Agenda, which includes goals such as “No Poverty,” “Clean Water and Sanitation,” and “Climate Action,” among others.


TABLE 1 Descriptions of the questionnaire.
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4.3 Method


4.3.1 Data pre-processing

In this study, we draw on the ND-GAIN framework (Chen et al., 2015) to establish the vulnerability index and readiness index. This framework has been widely used in climate change related literature research (Azócar et al., 2021; Sarkodie et al., 2022). Therefore, we divide the measure of vulnerability into three components: exposure, sensitivity, and adaptive capacity, following the ND-GAIN approach. When studying complex and multidimensional socio-environmental phenomena, building an indicator system is essential. In this section, we conduct an exploratory analysis of cities' answers to the 2020 cities questionnaire, aiming to identify indicators that reflect cities' vulnerability and adaptation readiness for climate change. These indicators are categorized into two groups: vulnerability and readiness. In alignment with previous study (Amegavi et al., 2021), we establish the “Hazards Exposure Level” indicator, computed as weighted sum of reported hazards and their associated probability. This indicator reflects the exposure level of cities, as they are asked to report the most significant climate hazards and assess their probability and magnitude in the questionnaire. Sensitivity is defined as a measure of population susceptibility to climate change (Azócar et al., 2021). In numerous studies (Amegavi et al., 2021; Azócar et al., 2021), health systems and water supply systems have been identified as crucial factors affecting susceptibility to climate change. In the questionnaire, cities report whether they face risks to public health systems associated with climate change and provide the percentage of the city's population with access to potable water supply services. Consequently, we introduce the “Health System Risk” and “Water Supply Service” indicators to reflect sensitivity levels. Subsequently, we develop the “Adaptive Capacity Level” indicator, reflecting cities' adaptive capacity for climate change. Drawing on the ND-GAIN framework (Chen et al., 2015). This adaptive capacity comprises eight dimensions: economic, health, education, habitat, infrastructure, social, environment, and governance. Finally, we construct ten indicators assessing cities' progress in implementing climate adaptation policies. These indicators are based on the number of relevant climate adaptation strategies employed by each city. Table 2 shows the categorization of city indicators.


TABLE 2 Descriptions of indexes.
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4.3.2 Vulnerability index

In this part, we calculated the vulnerability index. The Intergovernmental Panel on Climate Change (IPCC) is regarded as the authoritative institution for climate change research, and hence the definition of vulnerability in this study originates from it. According to the IPCC (2023), vulnerability in the context of climate change is referred to as the degree to which a system is susceptible to and unable to cope with the negative impacts of climate change, which includes the climate variability and extremes. Here, we establish the “vulnerability index” to measure the propensity of cities to suffer negative effects in the event of climate hazards. Based on ND-GAIN's framework we divided the vulnerability into three primary components: exposure, sensitivity, and adaptive capacity (Chen et al., 2015). First, we outlined the methodology used to calculate each component before integrating them into a single metric. We started by quantifying the three vulnerability indicators as follows.


4.3.2.1 Exposure

Exposure refers to the degree to which a system, community, or asset faces climate-related stresses or shocks at a specific time and place (Chen et al., 2015). In line with previous studies, we use the climate disasters faced by the city and their severity to indicate the level of exposure (Adom and Amoani, 2021). In Section 2.1 of the questionnaire, cities are asked to identify the most critical climate hazards, assessing their probability and magnitude. These parameters are frequently employed in risk assessments to comprehend and quantify potential climate hazards impacts (Pourghasemi et al., 2019). Here, “probability” denotes the likelihood of a hazard occurring within a set timeframe, while “magnitude” gauges the hazard's severity or intensity. To establish the exposure level indicator, we integrate both the hazard probabilities and magnitudes. Initially, we allocate values to the categorical responses as follows: “High” as 5, “Medium High” as 4, “Medium” as 3, “Medium Low” as 2, “Low” as 1, and “Does not currently impact the city” as 0. Subsequently, the exposure level can be determined using the given formula:

[image: image]

In Equation (1), Ei represents the exposure level of different cities. In this context, i denotes the different climate hazards a city encounters, Mi indicates the magnitude of a specific climate hazard, and pi represent its probability. The symbol “n” corresponds to the total number of hazards experienced by the city. Subsequently, we normalized the resulting exposure score to a range between 0 and 1.



4.3.2.2 Sensitivity

Sensitivity refers to the extent to which a system, community, or asset could be affected by, or respond to, climate variability and change (Chen et al., 2015). It essentially describes how susceptible a system is to harm from exposure to certain hazards or stressors. According to Section 4.3.1, we use the “Health System Risk” and “Water Supply Service” indicators to compute the sensitivity level. First, in Question 2.1 of the questionnaire, cities are asked whether they face risks to public health systems associated with climate change, with the possible answers being “Yes,” “No,” or “Do not know.” We assign a value of 1 to the answer “Yes”, and a value of 0 to both “No” and “Do not know”, thus obtaining the value for “Risk Assessment”. In Question 14.1 of the questionnaire, cities report the percentage of the city's population having potable water supply service. We calculate the indicator of “Water Supply Service” by subtracting this percentage from 100. Finally, we normalize these two indicators and compute their average to obtain the overall sensitivity level.



4.3.2.3 Adaptive capacity

Adaptive capacity refers to the ability of a system, community, or asset to adjust, cope with, and recover from the effects of climate variability and change (Chen et al., 2015). It represents the potential or capability of a system to modify its characteristics or behaviors in order to better cope with existing and anticipated external stresses or pressures. The adaptive capacity is integral to effectively assessing cities vulnerability to climate hazards (Sarkodie and Strezov, 2019). In the Section 3 of the questionnaire, which focuses on adaptive capacity to climate change, cities were prompted to identify and describe their adaptive capacities. We consolidated the responses into eight primary aspects: economic, health, education, habitat, infrastructure, social, environmental, and governance. All the answers to relevant questions are numeric variables. Therefore, we first normalize these values to obtain the values of eight indicators. We then calculate the average of these eight normalized indicators to determine the “Adaptive Capacity Level”.

Drawing on previous research, vulnerability should take into account not only exposure and sensitivity but also the adaptive capability. It actually refers to the residual impact or risk that a system faces after making efforts to adapt to climate change (Luers et al., 2003; Allen Consulting, 2005). Therefore, the city vulnerability index is obtained by the sum of exposure and sensitivity minus adaptive capacity indices, using the following formula:
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In Equation (2), Vi represents the vulnerability of individual cities, and Ei denotes the exposure level, illustrating the extent to which a city is subject to potential detrimental impacts from climate-related hazards. Si denotes the sensitivity of cities to climate hazards, reflecting how susceptible their infrastructure, economy, and population are to the adverse effects of such events. Ai represents the cities' adaptive capacity, highlighting cities' adaptive capacity.




4.3.3 Readiness index

Readiness typically refers to the level of readiness of a country, region, community, or system to address the challenges brought about by climate change. This includes the formulation and implementation of adaptation and mitigation strategies, as well as the ability to effectively utilize funds and other resources to realize these strategies (Amegavi et al., 2021; Sarkodie et al., 2022). In this study, we consider the implementation of urban climate change adaptation strategies. In the questionnaire, cities are surveyed about their primary adaptation measures against identified climate risks and vulnerabilities. Drawing on ND-GAIN's framework, we quantify all the actions taken by the city related to climate change adaptation to represent the level of readiness (Chen et al., 2015). An analysis of these responses revealed 10 distinct adaptation measures such as “Sustainable Development Goals,” “Risk Assessment Plans,” “Renewable Energy Targets,” and so on. We convert all the answers to the questions corresponding to these indicators into numerical variables. For example, cities are asked whether they have published a plan to reduce the greenhouse gas emissions, with the possible answers being “Yes,” “In progress,” “ Intending to undertake in the next 2 years,” “Not intending to undertake,” or “Do not know.” We assign these answers as 3, 2, 1, 0, 0 in turn. All indicators' calculation follows the same method. Therefore, we first normalize these values to obtain the values of 10 indicators. We then calculate the average of these 10 normalized indicators to determine the readiness index.



4.3.4 Discrepancy score

Based on the above steps, we calculated the vulnerability and readiness of each city. Subsequently, we introduced a new concept to “discrepancy score” metric to quantify the discrepancy between vulnerability and readiness. Drawing on ND-GAIN's framework (Chen et al., 2015), we firstly arranged each city's vulnerability and readiness indices in ascending order, granting us the relative positioning of each city's vulnerability and readiness within the entire dataset. The discrepancy score was calculated by subtracting the vulnerability rank from the readiness rank (Allen Consulting, 2005), as expressed in the following formula:
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In Equation (3), Di denotes the discrepancy score across cities, Rri represents the readiness rank for specific cities, and Rvi denotes the rank of vulnerability for individual cities.



4.3.5 K-means clustering

K-means clustering is an unsupervised machine learning algorithm that groups data into clusters. The core idea is that the similarity between data points can be estimated by the Euclidean distance (or other distance measures) between them, and similar data points should be classified into the same cluster (Na et al., 2010). It aims to segment data points into distinct clusters, maximizing intra-cluster similarity and minimizing inter-cluster similarity (Likas et al., 2003). Drawing on previous study, we conducted the k-means clustering analysis to categorize the 421 cities based on their vulnerability and readiness levels (Azócar et al., 2021). The objective of K-Means clustering is to minimize the sum of squared errors within clusters, represented by the following formula:
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In Equation (4), Ci denotes the ith cluster, μi is the center of Ci, and ||.|| represents the Euclidean distance. Before performing a k-means clustering analysis, it's essential to determine the number of clusters. The elbow method is a commonly used approach for this purpose (Syakur et al., 2018). In this way, we ascertain four as the optimal number. This led to a typology comprising four distinct groups.



4.3.6 Spatial autocorrelation analysis

The spatial autocorrelation refers to whether a certain attribute of locations or regions in geographic space exhibits a degree of correlation in its spatial distribution (Dormann, 2007). In this study, it is used to describe the degree of association between the discrepancy score value of a region and the values in its neighboring regions. A significant spatial correlation between the spatial distributions of discrepancy scores is a prerequisite for applying the geographically weighted regression model (Zhu et al., 2020). In this study, the global Moran's I index was used to describe the global cluster characteristics of the value of discrepancy score (Mathur, 2015). The equation is expressed as follows:

[image: image]

In the Equation (5), n denotes the number of geographic units (the number of cities); w is the sum of all weights in the weight matrix and wij is the weight between geographic units i and j; xi and xj are the attribute values on geographical units a and b, respectively; [image: image] represents the average of attribute values across all geographic units. Moran's I is a measure of spatial autocorrelation that ranges between −1 and 1: values close to 1 indicate positive spatial autocorrelation where similar values cluster together, values close to −1 signify negative spatial autocorrelation where different values are adjacent, and values near 0 suggest a random spatial distribution with no significant autocorrelation (Hu et al., 2021). In conclusion, when the value of Moran's I is significant and far away from 0, it indicates the existence of spatial autocorrelation.



4.3.7 Geographically weighted regression

To quantify the impacts of economic on the discrepancy among cities in terms of their vulnerability to climate change and their capabilities for adaptation, the OLS is the most commonly used method for analyzing the relationships between two or more variables (Zhu et al., 2020). However, the OLS model assumes that the relationship between the explanatory variable and the dependent variable is constant, ultimately estimating a global regression coefficient for the explanatory variable. Therefore, it cannot capture the phenomenon where the relationship between variables changes with geographical location (Wang et al., 2019). Therefore, in this study we employed the Geographically weighted regression (GWR) to provide a more detailed spatial information on the relationship between these variables (Lin and Wen, 2011). GWR considers the presence of spatial heterogeneity; it is a modified form of linear regression (Griffith, 2008). In addition to the original regression model, it incorporates the spatial coordinates of sample points as independent variables, constructs independent equations for each element in the dataset, and introduces a spatial weight matrix. Compared to ordinary regression models, its advantage lies in the ability to rapidly adjust spatial weights based on the spatial proximity and relative positions of the samples, thereby ensuring that the model coefficients more accurately reflect the differences and non-homogeneity of each element (Zhu et al., 2020). The model representation is as follows:

[image: image]

In Equation 6, yi denotes the discrepancy score of city i, (ui, vi) is the geographic coordinates of the city i, β0 is the intercept; xij represents the economic indicator, βj(ui, vi) is the local regression coefficient of xij, εi is the random error term.

In this study, we drew on previous research and used the Gaussian function to determine the weight (Zhu et al., 2020), while employing the Akaike Information Criterion (AIC) to ascertain the optimal bandwidth (Griffith, 2008). Before conducting geographic weighted regression, we standardized the economic indicators. The values of the discrepancy score can be positive or negative, and these signs represent different meanings. Therefore, we centralized it to preserve its positive and negative meanings.





5 Results


5.1 Geographical visualization of vulnerability and readiness

From our preliminary analyses, we determined the vulnerability and readiness indices for each city. Our dataset encompassed 421 cities across five continents: North America, South America, Asia, Africa, and Europe. The cities ranking highest in vulnerability are Kisumu (0.81), Johannesburg (0.78), and Lagos (0.74). Conversely, the leading cities in readiness are Paris (0.94), Vancouver (0.91), and Lund (0.90). We initially performed the geographical visualization of vulnerability and readiness indices across all cities based on their longitude and latitude coordinates. Figure 2 illustrates the vulnerability index of various cities on a map, while Figure 3 presents the readiness index. On these maps, each point signifies a city; the color intensity denotes the value magnitude, and darker shades represent higher values. Cities in Europe and America tend to have lower vulnerability indices. In contrast, cities in Africa manifest greater vulnerability. Regarding the readiness index, European cities generally display high readiness, indicating their strong capability to tackle climate change. Conversely, despite their increased vulnerability, African cities manifest significantly lower readiness. These insights are consistent with findings from previous studies (Sarkodie and Strezov, 2019; Amegavi et al., 2021).


[image: Figure 2]
FIGURE 2
 City vulnerability index distribution.



[image: Figure 3]
FIGURE 3
 City readiness index distribution.




5.2 Clustering analysis

Utilizing previously obtained data, we conducted k-means clustering analysis to categorize the 421 cities based on their vulnerability and readiness levels. Figure 4 and Table 3 present the clustering results. As illustrated in Figure 4, cities fall into four categories: for instance, cities in the upper left corner exhibit low readiness and high vulnerability, whereas those in the lower right corner manifest high readiness and low vulnerability. Table 3 provides the mean readiness and vulnerability indices for each category. The scatter plot is divided into four areas: the bottom left is Cluster 2, the top left is Cluster 1, the bottom right is Cluster 0, and the top right is Cluster 3. The data conspicuously indicates a significant discrepancy between urban vulnerability and readiness. Notably, 93 cities display low readiness and high vulnerability, while 112 cities showcase high readiness and low vulnerability, warranting further attention.


[image: Figure 4]
FIGURE 4
 Clustering analysis.



TABLE 3 Clustering results.

[image: Table 3]



5.3 Geo-visualization of discrepant cities

Drawing from the outcomes of prior cluster analyses, we mapped these discrepant cities based on their longitude and latitude, as depicted in Figure 5. Each point on the map symbolizes a city: orange points denote cities with high vulnerability and low readiness, while green dots highlight those with high readiness and low vulnerability. Notably, cities exhibiting high readiness and low vulnerability are predominantly found in Europe. In contrast, cities characterized by high vulnerability and low readiness are largely clustered in Africa, South America, and certain regions of North America.


[image: Figure 5]
FIGURE 5
 Distribution of discrepant cities.




5.4 Results of GWR analysis

Through spatial autocorrelation analysis, we obtained a Moran's I index of 0.63. This indicates that the discrepancy score exhibits a significant spatial correlation, which indicates regions with higher or lower discrepancy scores exhibit a clustered distribution. It is appropriate for applying the GWR model (Lin and Wen, 2011). Table 4 shows the final parameters in the GWR models. The model goodness-of-fit reaches 0.537. These results indicate that the GWR model can effectively explain the local variations in the impact of the economy on the discrepancy scores.


TABLE 4 Estimation parameters of the GWR models for discrepancy score.

[image: Table 4]

As shown in Figure 6, there is indeed spatial variability in the economic impact on discrepancy scores. In the most European cities and some south American cities, the economy has a positive effective impact on the discrepancy of vulnerability and adaptation readiness and this impact is greater than that on other regions. This suggests that economic growth in these areas is particularly effective in enhancing the city's adaptation readiness and reducing vulnerability. It is noteworthy that in the African region, the local regression coefficients also show relatively high positive values, but since the difference scores in the African region are mostly negative, this indicates that in these areas, lower economic levels lead to vulnerability far exceeding the adaptation readiness, manifesting as an adaptation deficit. Besides, the impact of the economy on the discrepancy scores is not so evident in other regions.


[image: Figure 6]
FIGURE 6
 Local regression coefficients.





6 Discussion

Climate change is exerting its impact on urban areas and populations across the world (Abbass et al., 2022). The escalation of global warming heightens the likelihood of extreme weather events, leading to disruptions in ecosystems, agricultural production, public health, and water management systems, profoundly affecting human habitat. Amid this overarching ecological crisis, diverse demographics experience consequences attributed to distinct physical environments and socio-economic circumstances (Hamidi et al., 2020). Similar dynamics apply to cities, where variations in geographical contexts and economic statuses result in divergent susceptibility to the detrimental effects of climate change and differing readiness. It is essential to address the discrepancy among cities in terms of their vulnerability to climate change and their adaptation readiness. Our research not only makes a theoretical contribution to the understanding of global climate change, but also has certain practical significance. It provides data support for formulating more effective strategies to address climate change and a basis for promoting cooperation and action on a global scale. Policy implementers need to adopt flexible and forward-looking strategies, based on scientific data and local conditions, through cross-sectoral cooperation and public participation, to enhance the city's adaptability and resilience.

However, it should be noted here that climate change is a highly complex issue. It is not merely an environmental issue, but a complex problem involving multiple aspects, including the interactions of social, economic, political, cultural, and ecological systems. We acknowledge that the complexity and uncertainty inherent in urban systems far exceed the simplifications made by our model. As highlighted by numerous studies, risks and vulnerabilities are nested and interconnected across sectors, manifesting as cascading effects that span spatial and temporal scales, revealing the profound complexity of coupled socio-ecological systems (Adger et al., 2009). When considering urban planning and climate change adaptation strategies, this complexity and uncertainty cannot be overlooked. For instance, adaptation measures in one sector might have unforeseen repercussions in another, reflecting the intricate interdependencies within urban systems (Eakin and Luers, 2006). Moreover, the dynamic nature of socio-ecological systems compounds the challenge of predicting future trends, increasing the uncertainty in formulating effective adaptation strategies. When considering urban planning and climate change adaptation strategies, this complexity and uncertainty cannot be overlooked. For instance, adaptation measures in one sector might have unforeseen repercussions in another, reflecting the intricate interdependencies within urban systems. Moreover, the dynamic nature of socio-ecological systems compounds the challenge of predicting future trends, increasing the uncertainty in formulating effective adaptation strategies. Thus, our study underscores the importance of systemic thinking in developing urban climate change adaptation strategies. This requires policymakers, planners, and researchers to not only focus on individual risks or vulnerabilities but to consider the interactions and feedback loops within the urban system comprehensively. For example, cross-sectoral collaboration and integrated management can better identify and mitigate potential cascading effects, enhancing the overall resilience of cities. Given this complexity and uncertainty, adopting scenario-based planning approaches might be more appropriate, exploring the effects of different adaptation measures across various potential future scenarios. Such approaches can help urban planners and decision-makers better prepare for an uncertain future, enhancing urban resilience through flexible and adaptive management strategies.

Finally, our study suggests that future research should delve deeper into the interactions and feedback mechanisms within urban systems and how these factors influence urban vulnerability and adaptive capacity in the context of climate change. In doing so, we can gain a more comprehensive understanding of the complexities faced by cities in addressing climate change challenges, providing a scientific basis for formulating more effective adaptation strategies.



7 Conclusion

The urgency of global climate change compels us to implement effective response measures. Despite some progress, there is a spatial discrepancy among cities in terms of their vulnerability to climate change and their adaptation readiness. As climate change intensifies, this spatial discrepancy could precipitate risks such as significant population migrations, resource competitions, and regional tensions. Addressing this spatial discrepancy is thus of paramount importance. To address this issue, we explored the spatial discrepancy among global cities in terms of their vulnerability to climate change and their adaptation readiness, using city response data from 2020 sourced from the Carbon Disclosure Project. Our research indicates that cities in Africa exhibit relatively higher vulnerability when compared to urban vulnerability indices in Europe and the Americas. Conversely, European cities tend to demonstrate a greater degree of readiness than their African counterparts. Economically, less-developed regions typically exhibit an adaptation deficit, whereas more-developed regions display an adaptation surplus, which further confirms the findings of previous research (Adom and Amoani, 2021; Saeed et al., 2023). More economically developed cities typically possess greater financial resources and technological capabilities (Saeed et al., 2023). This makes them more likely to allocate funds toward adaptive infrastructure, emergency response plans, and innovative technologies, thereby enhancing their readiness. We also conclude that economic factors play a significant role in the spatial discrepancies between levels of adaptation readiness and degrees of vulnerability in cities. Using geographically weighted regression, we found that the impact of the economy on the discrepancy scores shows significant spatial heterogeneity. Its influence is greater in European and African regions compared to other areas.

However, this study has specific limitations. Due to the uncertainty and complexity of climate change, we have not fully considered the complex relationships of the social-environmental system. Future research can develop more scientific and comprehensive models to address this issue.
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