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            Abstract
          
        

        
          
            Purpose:
            In this study, based on the disaster vulnerability analysis manual, the heatwave vulnerability of Daegu Metropolitan City, South Korea, is evaluated by administrative districts, and the characteristics of each detailed spatial region within the city are analyzed.

          

          
            Method:
            A comparative analysis is performed with the results of the vulnerability analysis by introducing the frequency analysis of the heat index (HI), an index indicating the degree of heat felt by humans, and an analysis of the heat-related mortality index indicating the damage caused by heatwaves. For a comparative analysis of the three analysis results, a four-level-based distribution map was created for each analysis result by dividing the results into four levels using Jenk’s natural classification method in QGIS.

          

          
            Result:
            As a result of a comparative analysis, the results of vulnerability analysis rather than the HI frequency analysis showed a relatively more similar distribution to heat-related mortality. Likewise, in the Pearson correlation analysis conducted for quantitative verification, the vulnerability analysis result showed the highest positive correlation with the mortality analysis result. The results show that a more comprehensive plan is needed to analyze various components, such as citizens, infrastructure, and buildings, by spatial area in the city to construct a more realistic response system to heatwaves. This study shows the importance of examining the regional and spatial characteristics within a city and confirms the need to accurately diagnose the cause of heatwaves and prepare appropriate mid- to long-term planning and policy establishment processes accordingly.
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      1. Introduction
      In recent years, the frequency of natural disasters has become increasingly serious due to climate change. In particular, extreme climate events occur due to urban warming, which leads to a gradual increase in the intensity and frequency of heatwaves[1][2]. In addition, heatwaves generally cause more casualties than physical facility damage or property damage among meteorological disasters and record a higher death rate than typhoon floods[3]. In the case of Korea, according to the Climate Change Prospect Report (2020), the average annual temperature will gradually increase in the next century from 2021 to 2100, and the average annual temperature in the second half of the future from 2081 to 2100 is expected to rise by +2.6-7.0℃. A preemptive response is required to reflect the trend of this heatwave phenomenon, and efforts to respond are emphasized[4].

      According to the sixth report of the Intergovernmental Panel on Climate Change (IPCC), the surface temperature in the last 40 years since 1850 has been reported to be higher than any decade in the past[5]. The seriousness of the impact of climate change is well-known, and much effort is being made to evaluate the impact of expected climate change in advance and to establish appropriate countermeasures and adaptation measures[6].

      Korea also recognized the seriousness of climate change and adopted an urban climate change disaster vulnerability analysis in 2012 by revising urban planning guidelines for effective response[7]. In Korea, the Ministry of Land, Infrastructure and Transport and the Korea Research Institute for Human Settlements have produced and distributed the Manual for Urban Climate Change Disaster Vulnerability Analysis (2013)」and「Guidelines for Urban Climate Change Disaster Vulnerability Analysis and Utilization (2016)」to support the rapid settlement and education of such vulnerability analysis[8]. These disaster vulnerability analysis manuals and usage guidelines in Korea have been utilized in various studies[4][9][10].

      However, few studies have conducted comparative analysis with the results of vulnerability analysis by examining the effects of heat that people feel and the damage caused by the extreme thermal environment. Since climate change disasters have very high uncertainty, it is an important issue to continuously supplement response strategies by analyzing the spatial distribution pattern and characteristics while monitoring the change trend[10].

      Therefore, in this study, the vulnerability to heatwaves caused by climate change, the frequency of the heat index, and the number of heat-related deaths were comprehensively analyzed and compared in space. First, the spatial distribution was compared by analyzing the frequency of the heat index, which is an indicator of the heat felt by people, and evaluating the vulnerability to heatwaves that encompass all human, economic, and social indicators. Second, the previous two analysis results were compared with the heat-related mortality rate, and the degree of similarity with the distribution of human casualties due to heat was identified. The results of this study can be utilized later when preparing strategies for adaptation and response to heatwaves reflecting regional characteristics. In addition, it is expected that the analytic framework of this study will be able to contribute a foundation for establishing a regionally differentiated thermal environment improvement policy by conducting an analysis in units of administrative districts.

    

    

  
    
      2. Literature Review and Theoretical Considerations
      
        2.1 Climate change vulnerability assessment 
        Studies have been conducted using Korea's legal-based disaster vulnerability analysis guidelines[9][10][11][12]. Kim et al.[11] compared the degree of disaster vulnerability among urban areas, declining areas, and urban regeneration project areas nationwide and reviewed which disasters the declining areas are vulnerable to. To this end, they analyzed indicators related to heavy rain, heatwaves, and earthquakes specified in the disaster vulnerability analysis guidelines and identified the spatial distribution of disaster vulnerability at a specific site. Lee et al.[10] compared vulnerability analysis and risk assessment methods for recent urban planning establishments, including floods, which are major natural disasters, and compared the evaluation results. Kim & Eum[12] selected a thermal vulnerability evaluation index based on thermal vulnerability analysis guidelines linked to a policy to efficiently improve the thermal environment. Hong et al.[9] derived the evaluation results when spatial units were subdivided by supplementing, comparing, and reviewing the urban climate change disaster vulnerability analysis guideline, which is the current aggregate district unit analysis method, with a grid unit analysis technique.

        According to previous research reviews, the spatial distribution of disaster vulnerability in a specific site was identified, and particular vulnerable areas were derived by using Korean policy-based vulnerability analysis guidelines. However, few studies have considered the results of comprehensive comparative analysis, including the effects of heat that people feel and the damage that people experience due to extreme thermal environments in the scope of the study. We derived consideration and implications for the improvement of the vulnerability assessment methodology by conducting a comprehensive comparative analysis with the degree of heat felt by people in a city and health-related casualty data (see Fig. 1.).

        
          
          

          Fig. 1. 
				
          

          
            Analytic framework
          
          

          

        

      

      
        2.2. The degree of heat that a person feels: heat index
        The heatwave index was originally developed by Steadman[13] as an index that requires the solution of several variables within some equations expressed as heat and water transfer in the body, which is not easily available[14]. HI has been defined as a cognitive temperature index that expresses the heat that a person feels and has been used in several studies[15][16]. As such, the heat index is a variable representing the heat that a person feels according to temperature (t) and humidity (r) and is calculated as follows[17]:
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        To understand the degree of heat that a person feels, we used the standard of response guidelines for each grade of HI provided by the Korea Meteorological Administration (KMA) (see Table 1.). First, among the five grades in Table 1., we derived the sum of the frequencies for each administrative dong unit for the four levels of ‘Medium’, ‘High’, ‘Very high’, and ‘Danger’, which require health considerations. Therefore, in this study, we analyzed the frequency of each administrative ‘dong’ unit for the four stages of ‘Medium’, ‘High’, ‘Very high’, and ‘Danger’ and used it as a comparison target with the vulnerability assessment results.

        
          Table 1. 
				
          

          
            Possible HI impacts on human health
          
          

        

        
          
            
              	HI danger level
              	Range of HI
            

          
          
            	Danger
            	HI ≤ 66
          

          
            	Very high
            	54 ≤ HI ≺ 66
          

          
            	High
            	41 ≤ HI ≺ 54
          

          
            	Medium
            	32 ≤ HI ≺ 41
          

          
            	Low
            	HI ≺ 32
          

        

        

      

      
        2.3. Heat-related mortality 
        Several types of mortality are indicators of injuries caused by heatwaves, among which cardiovascular disease occupies a particularly large proportion of the injuries[18][19]. Therefore, in this study, mortality from hypertensive disease, ischemic heart disease, other heart diseases, and cerebrovascular diseases, which are subtypes of cardiovascular disease, were utilized as an index to analyze the degree of heat-related mortality.

      

    

    

  
    
      3. Research Scope and Methods
      
        3.1. Research scope
        We selected Daegu Metropolitan City, a representative city that reports the most severe heat damage every year in Korea, as the test site, and the unit of analysis was set as the administrative district. In 2018, the highest temperature was recorded and had the longest duration for all recorded temperatures[20]. Accordingly, we decided that 2018 would be the time scope of the present sector among the analysis targets. Starting in2018, data from the past 10 years and future climate change scenario (RCP 8.5) data were comprehensively used to infer future changes, and through this, data for the future sector of vulnerability assessment were constructed.

      

      
        3.2. Research methods
        
          1) Heatwave vulnerability assessment 
          In the climate change disaster vulnerability analysis (Fig. 3.), the vulnerability of cities for climate change disasters is largely divided into present vulnerability, future vulnerability, and total disaster vulnerability. The present and future vulnerabilities consist of the climate exposure sector and the urban sensitivity sector comprising various elements of citizens, urban infrastructure, and buildings.

          To perform a direct comparison between analysis indicators of different scales, the method based on the normal distribution was used. It is a number that can confirm how far the measured value is from the mean based on the standard deviation and is calculated using (Eq. 2).
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          Here, Xi is the measured value of the analysis index X of i for each area, Xmean is the average of the analysis index X for each area, and XStd is the standard deviation of the analysis index X for each area.

          By calculating the standardization index for each analysis index, the scores for each sector (present climate exposure, future climate exposure, present sensitivity, future city sensitivity) were calculated. The standardized index (ZscoreNormal) is a value obtained by converting the Zscore value, which ranges from negative to positive, into a value between 0 and 1, and is calculated by (Eq. 3).
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          At this time, a and b were calculated as (Eq. 4) and (Eq. 5), respectively.
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          where, Zscoremaxis the maximum value among the Zscore of the entire area and Zscoreminis the minimum value among the Zscore of the entire area. The standardization index for each analysis index was calculated according to the vulnerability analysis structure to calculate the present climate exposure, present urban sensitivity, future climate exposure, and future urban sensitivity scores. Afterward, the average of the standardized index of n indicators for each sector (present exposure, present sensitivity, future exposure, future sensitivity) was calculated by the following this equation:
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            Table 2. 
				
            

            
              List of variables
            
            

          

          
            
              
                	Sector
                	Variables
                	Source
              

            
            
              	
                Heat vunerability assessment
              
            

            
              	Present exposure
              	Heatwave days
(Average daily maximum temperature 33℃ or higher number of days)
              	Open MET Data Portal
(https://data.kma.go.kr/cmmn)
            

            
              	Average number of tropical nights
(The number of days with a daily minimum temperature of 25℃ or higher)
              	Open MET Data Portal
(https://data.kma.go.kr/cmmn)
            

            
              	Present 
sensitivity
              	Potential vulnerable area
              	Poor residential area
              	Spatial Information Portal
(http://www.nsdi.go.kr)
            

            
              	Urban 
vulnerable components
              	Citizen
              	Population of seniors over 65 and children under 5
              	Daegu statistics
(http://stat.daegu.go.kr)
            

            
              	Number of seniors living alone
              	Daegu statistics
(http://stat.daegu.go.kr)
            

            
              	Low-income population
              	KOrean Statistical Information Service
(https://kosis.kr)
            

            
              	Urban 
infrastructure
              	Road
              	Road area
              	Environmental Geospatial Information Service
(https://egis.me.go.kr)
            

            
              	Buildings
              	Density of single-family houses with weak roofs
(concrete, slab, slate)
              	Spatial Information Portal
(http://www.nsdi.go.kr)
            

            
              	Future exposure
              	Heatwave days
(Average daily maximum temperature 33℃ or higher number of days)
              	Climate Information Portal
(http://www.climate.go.kr)
            

            
              	Average number of tropical nights
(The number of days with a daily minimum temperature of 25℃ or higher)
              	Climate Information Portal
(http://www.climate.go.kr)
            

            
              	Future sensitivity
              	Urbanization area in the last 10 years
              	Environmental Geospatial Information Service
(https://egis.me.go.kr)
            

            
              	Population growth in the last 10 years
              	Daegu statistics
(http://stat.daegu.go.kr)
            

            
              	Districts for development projects
              	SEE:REAL
(https://seereal.lh.or.kr)
            

            
              	
                HI frequency analysis
              
            

            
              	Heat that people actually feels
              	HI frequency
              	Open MET Data Portal
(https://data.kma.go.kr/cmmn)
            

            
              	
                Heat-related mortality analysis
              
            

            
              	Health damage to people
              	Heat-related mortality
              	MicroDataIntegratedService(MDIS)
            

          

          

          Using the natural classification method (Jenks' optimization method), which is the classification method of the grade section of the geographic information system (GIS) program, the vulnerability analysis value is graded I-IV (the most vulnerable as the grade goes to the grade I, where I and II are defined as vulnerable regions in the manual) to confirm the distribution of the degree of vulnerability for each administrative ‘dong’ unit. The present vulnerability analysis was derived by superimposing the present climate exposure class and the present urban sensitivity class using Matrix 1 in Fig. 1. Similarly, the future vulnerability analysis was derived by superimposing the future climate exposure class and the future urban sensitivity class using Matrix 2 in Fig. 1. Finally, Fig. 2c. shows the urban comprehensive disaster vulnerability derived by superimposing the present vulnerability analysis result and the future vulnerability analysis result through Matrix 3 in Fig. 1. As shown in Fig. 2, the present, future, and urban comprehensive disaster vulnerability were created as a result of overlap in grades I-IV. Grade I is the most vulnerable area to disaster, and disaster-vulnerable areas are in grades I and II.

          
            
            

            Fig. 2. 
				
            

            
              Results of heatwave vulnerability
            
            

            

          

        

        
          3.2.2. Heat index frequency and heat-related mortality analysis 
          As with the vulnerability assessment method, we performed spatial analysis by collecting HI frequency and heat-related mortality data for each administrative district in Daegu. In the case of HI frequency, it was possible to collect data in 139 administrative 'dong' units, but in the case of death data available in Korea, it was a more macroscopic unit of ward data. Therefore, when performing a comprehensive comparison of three areas, heatwave vulnerability, HI, and heat-related mortality, which is the final process, the spatial units of data were unified and analyzed in ward units (see Fig. 5.). For effective comparison and analysis under the same classification conditions as the heatwave vulnerability evaluation result, the Jenks natural classification method was used to classify the same into grades I to IV. The distribution values of levels in each result map are scores calculated by Eqs. (3) to (6), and each value is dimensionless.

        

      

    

    

  
    
      4. Results 
      
        4.1. Heatwave vulnerability assessment
        By overlapping the present vulnerability analysis results and future vulnerability analysis results to comprehensively consider vulnerabilities, a long-term comprehensive vulnerability assessment and relative comparison between detailed regions within Daegu City were performed. Fig. 2c. illustrates the total heatwave vulnerability derived by comprehensively considering both the present vulnerability in Fig. 2a. and the future vulnerability in Fig. 2b.

        A detailed analysis was carried out to identify trends of change between present and future sectors (see Fig. 3.). According to the analysis results, there were 36 ‘dong’ areas where the level increased in the future compared to the present and 50 dong areas where the level decreased. ’Dong’ is an administrative unit at the municipal level of a city in Korea.” Based on these results it was possible to derive the spatial distribution of regions showing different trends in the degree of vulnerability between the present and the future (Fig. 3c.).

        
          
          

          Fig. 3. 
				
          

          
            Analysis results of present and future vulnerable areas: LevelⅠ& Level Ⅱ
          
          

          

        

        In particular, the results obtained by extracting and comparing only the vulnerable areas (Level I, II) are shown in Fig. 3a. and 3b. Although not identified as a vulnerable area at present, three areas were predicted to be vulnerable in the future: Ansim 1-dong, Gosan 2-dong, and Gosan 3-dong. These three regions are regions where future development projects are planned, and the relatively large vulnerability of the future sector is considered.

      

      
        4.2. Results of heat index frequency analysis
        We constructed HI data by using (Eq. 1) with air temperature and humidity data from KMA's 2018 weather data. We calculated the frequency of each HI level for each 139 administrative dong unit with a QGIS tool. The total frequency of each administrative dong unit was classified into four stages according to Jenks' natural classification method, and the visualized map is shown in Fig. 4. According to HI levels in Table 1., Fig. 4. illustrates the distribution values of levels that explain the number of occurrences of ‘Medium’ and higher levels in each spatial region. The value of each level is counts per unit ‘dong’. According to the distribution, the inland area of the city was confirmed to have the highest HI distribution: Level I.

        
          
          

          Fig. 4. 
				
          

          
            Frequency analysis of heat index
            Level Ⅰ, frequency 135-187; Level Ⅱ, frequency 61-135; Level Ⅲ, frequency 1-61; Level Ⅳ, frequency 1-1

          
          

          

        

      

      
        4.3. Results of heat-related mortality analysis 
        As a result of the analysis of heat-related mortality, it was confirmed that the mortality of the elderly (65 years and older) compared to the mortality of all age groups was significantly higher (see Table 3.). In particular, the Dalseo-gu area was identified to have the most casualties, and the Jung-gu area was identified to have the fewest casualties. We further analyzed the changes between 2008 and 2018 to estimate the number of human casualties that will change. When calculating the trend of heat-related mortality over the past ten years, Dalseo-gu showed the largest increase, suggesting that vulnerability in the future health sector could increase at a relatively larger rate.

        
          Table 3. 
				
          

          
            Analysis of the number of heat-related deaths
          
          

        

        
          
            
              	Sector
              	Past
              	Present
              	Future estimation
            

            
              	Year
              	2008
              	2018
              	Changes in 10 years
            

          
          
            	Range of age
            	all ages
            	ages ≥ 65
            	all ages
            	ages ≥ 65
            	all ages
            	ages ≥ 65
          

          
            	Jung-gu
            	38
            	30
            	46
            	40
            	+ 8
            	+ 10
          

          
            	Dong-gu
            	129
            	107
            	165
            	143
            	+ 36
            	+ 36
          

          
            	Seo-gu
            	84
            	63
            	106
            	90
            	+ 22
            	+ 27
          

          
            	Nam-gu
            	73
            	59
            	78
            	60
            	+ 5
            	+ 1
          

          
            	Buk-gu
            	128
            	97
            	154
            	131
            	+ 26
            	+ 34
          

          
            	Suseong-gu
            	130
            	107
            	153
            	135
            	+ 23
            	+ 28
          

          
            	Dalseo-gu
            	143
            	107
            	190
            	143
            	+ 47
            	+ 36
          

          
            	Dalseong-gun
            	61
            	49
            	81
            	69
            	+ 20
            	+ 20
          

        

        

      

    

    

  
    
      5. Discussion and Conclusion
      This study was conducted as a basic study to diagnose the vulnerability of cities due to heatwaves and support an indicator-based response strategy for Daegu City. We ultimately suggested several implications by comparing the vulnerability analysis results with two additional analyses: HI frequency analysis and heat-related mortality analysis. By comparing the results of heatwave vulnerability analysis and HI frequency for 139 administrative dong regions in Daegu City, the spatial characteristics of the regions were analyzed, and implications were derived from them. The HI, which we have introduced as an additional indicator of analysis, is known as a measure of the human body's ability to rude heat or as a measure of the stress imposed on humans by high levels of atmospheric conditions[21]. It has been reported that elevated levels of HI result in adverse human health consequences and that high levels of HI maintained over long periods of time may pose a generally greater risk to the public health sector[22]. As such, the HI is an index closely related to human health and has been used in studies to estimate the degree of extreme heat and various heatwave vulnerable areas[22][23][24]. However, there have been few attempts to comparatively analyze the frequency of HI at a level that could harm humans. Therefore, we analyzed a new HI frequency index and compared the differences in their distribution with the heatwave vulnerability results in the detailed administrative dong unit within Daegu City. To assess the damage that the two analyses (heatwave vulnerability, HI frequency) have to human health, the spatial trend of heat-related mortality was also analyzed (See Fig. 5.). Comparative analysis of HI frequency and heatwave vulnerability results in the Dalseo-gu regions of Fig. 5a., b. had the most different distribution between the two analysis results. The result of HI frequency analysis in Dalseo-gu (Fig. 6a.) identified IV, the lowest level in most regions, but the result of the heatwave vulnerability analysis (Fig. 5b.) identified vulnerable levels I and II in regions. In Jung-gu, while the HI frequency analysis identified that all regions were at the level I, the most hazard area, the vulnerability analysis identified that some regions were at the levels Ⅱ and Ⅲ, somewhat lower risk. As a result of comparison and analysis with heat-related mortality for these two regions (Fig. 5c.), the results in Dalseo-gu showed higher relationship between heatwave vulnerability and mortality analyses and the results in Jung-gu rarely showed their relationship. Because the indicators of citizens, infrastructure, and buildings are different between each spatial region and the HI frequency analysis does not include those indicators, the risk grade according to the HI frequency index hardly reflect the characteristics of each spatial region.

      
        
        

        Fig. 5. 
				
        

        
          Comparison of HI frequency, Heatwave vulnerability, and heat-related mortality analyses
        
        

        

      

      
        
        

        Fig. 6. 
				
        

        
          Correlation results of 3 analysis 
          Vulnerability, HI frequency, Mortality. pre_V_L, present vulnerability level; fut_V_L, future vulnerability level; prefut_L, Total vulnerability level; HI_freq_L, HI frequency level; Heat_mor_L, mortality level

        
        

        

      

      Additional analysis was performed by applying the Pearson correlation method to derive a statistical comparative correlation between the three analysis results: heatwave vulnerability, HI frequency, and heat-related mortality. All the results derived from each analysis were classified into four levels (Ⅰ~IV) according to the Jenks natural classification method, and correlation analysis was performed. As a result of the analysis (see Fig. 6.), it was concluded that the index showing the highest positive correlation with the heat-related mortality level (Heat_mor_L), which is an index indicating the direct damage of heatwaves to humans, was the present vulnerability level (pre_V_L). Through this, it was confirmed that the HI, which is used as a standard as a countermeasure for the health sector in Korea, may have a limit to directly inferring the damage to citizens in specific regions. The urban heat island phenomenon mainly occurred in a local administrative region, i.e. dong with a high proportion of the vulnerable population in Seoul, South Korea[25], and the ratio of recipients of basic livelihoods and the ratio of the elderly living alone were significant variables to examine areas vulnerable to heat environments by logistic regression analysis considering population and socioeconomic characteristics[26]. Poverty and building conditions were also significant elements explaining the distribution of heat vulnerability[27]. According to the high correlation with heat-related mortality in this study, a comprehensive analysis with various factors in a city were valid to analyze heat vulnerability. Additionally, the present vulnerability sector (pre_V_L) that considered the urban composition indicators of various sensitivity areas in the city showed a greater correlation with the mortality rate than the future vulnerability sector (fut_V_L). Therefore, to effectively respond to the vulnerability of the public health sector due to climate change disasters that vary by region, urban planners need to comprehensively consider the local climate, land use, citizens, and infrastructure based on a detailed regional disaster vulnerability assessment.

      In this study, we experimented with short-term data due to time and labor limitations. In the future, it will be necessary to experiment with more diverse indicators and long-term data. The methodology and results of this study can be utilized as basic research in the development of a spatial indicator-based response system in the field of heatwave vulnerability.
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