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            Abstract
          
        

        
          The compact city attempts to address complicated challenges such as traffic congestion, reckless proliferation, and environmental contamination through high-density urban planning, diverse land use, and the activation of public transit. Nonetheless, it has been suggested that the compact city is susceptible to infectious disease disasters due to the increased contact and interaction between individuals in such environments. Consequently, this study intends to objectively investigate how it affects the reproduction number, a measure of COVID-19’s capacity for dissemination, by simultaneously assessing several compact city–specific variables. The results show that the reproduction index exhibited a distinct pattern compared to the COVID-19 spread index from a previous study, and the effect of each characteristic element on the transmission power of COVID-19 was also distinct. The floating population density had a detrimental effect on the spread of COVID-19, while residential density had a positive effect. Among the land-use factors, land-use compaction and urban green-space ratio had a negative influence, whilst the number of bus stops per 1,000 people had a positive effect on the reproduction index.
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      Ⅰ. Introduction
      
        1. Background and Purpose of Study
        A Compact City is a planning concept that emerged as an alternative to ‘sustainable development’ popularized through the Rio Conference in 1992 to prevent reckless urban sprawl, improve the quality of life of urban residents, increase energy efficiency with reduced flow of activities, and secure environmental sustainability by reducing land destroyed in the process of development (Song and Nam, 2009; Kim and Moon, 2010).

        In general, compact cities have been discussed as a positive urban spatial structure in terms of energy efficiency, accessibility, and local economic development (Kim and Ahn, 2011; Cho and Choi, 2013; Lee, 2015; Baek et al., 2016). Recently, however, the Coronavirus disease (COVID-19) hit almost every corner of the world rapidly, to the extent that the World Health Organization declared it a global pandemic. With a surge in the number of confirmed cases and deaths, the pandemic has highlighted the negative aspects of compact cities, which are vulnerable to infectious disease of a large scale due to high level of contact and interaction between people (Lee, 2020; Kim, 2020).

        As prevention systems and health services for an infectious disease have some of the greatest impacts on the quality of life of urban citizens, the relation between compact cities and infectious diseases is an important consideration (Chung et al., 2014). Unfortunately, most empirical studies conducted by domestic researchers on the characteristics of compact cities have focused mainly on the spatial structure, environment and economic sector, and only small number of studies have dealt with the relation between compact cities and infectious diseases from an empirical perspective. Furthermore, as focusing on some of the characteristics of compact cities may not be a valid representation of overall compactness of a city, it is necessary to consider the various characteristics of compact cities simultaneously when discussing the relationship between compact cities and epidemics (Baek et al., 2016).

        Urban density is one of the key factors used in studies dealing with the correlation between cities and the spread of COVID-19, but the results of those studies as to the urban density are far from consistent. For example, some researchers have argued that higher density of population and public service facilities will affect COVID-19 infection (Shim and Park, 2021; Jo, 2022), while other studies have suggested that architectural and population density contain the spread of COVID-19, and that highly dense area’s subsequent spread is not as rapid as in less densely populated areas (Carozzi et al., 2020; Khavarian-21). Some attributed these conflicting results to differences in how density is measured for the study sites and what types of COVID-19 indicators are used by the authors (Teller, 2021). Inconsistent indicators of the spread of COVID-19 include cumulative confirmed cases and death counts, infection rates and mortality rates. Because of this, a high cumulative number of confirmed and deaths cases are not necessarily indicative of the spread of COVID-19 and comparisons between regions with these indicators are bound to have some limitations. Instead, it is necessary to consider the ‘infection reproduction number,’ which is an important indicator to examine the spread of COVID-19 (Yoo et al., 2021).

        Considering that many have raised concerns over whether compact cities are sustainable urban spatial structures in the wake of the recent outbreak of COVID-19, a well-defined empirical approach to investigate this matter is called for. Rather than focusing on a single factor, it is necessary to consider the various characteristics of compact cities together and to suggest indicators that are effective in indicating the spread of COVID-19.

        In this regard, this study aims to classify various characteristics of compact cities and conduct empirical analyses on how key characteristics of compact cities have an impact on the spread of COVID-19. For this purpose, we calculated the infection reproduction number, which is an indicator of COVID-19 transmission, based on the number of daily confirmed cases, and selected indicators for each characteristic factor of compact cities based on previous studies. The impact of such characteristics on the spread of COVID-19 was then analyzed using multiple regression modeling.

      

    

    

  
    
      Ⅱ. Literature Review
      
        1. Compact City
        Compact cities are urban spatial structure concepts proposed at the Rio Conference in 1992, where the concept of 'sustainable development' was first defined and recognized and relevant research on sustainable cities began to be actively conducted (Park et al., 2017). Compact cities locate urban functions such as residential, commercial, and business zones within the old centers, encouraging higher population density and mixed-use of land so that reckless urban sprawl is prevented and urban space and infrastructure can be used efficiently. Furthermore, to minimize problems arising from urban sprawl, the urban centers are revitalized reducing the demand for and distance traveled by private vehicles. At the same time, compact cities promote public transportation, walking, and bicycling to lower the energy consumption and environmental pollution (Kim, et al., 2009; Song and Nam, 2009; Kim and Ahn, 2011).

        While there is no agreed-upon definition of the characteristics of compact cities, the OECD (2012) suggests that compact cities share three characteristics. First, the compact cities encourage denser development and the use of brownfield site, induce proximate development patterns and preserve greenfield land wherever possible. Second, they resort to a public transport system as much as possible. Third, they promote mixed use of land to make the cities more accessible for the residents, and prefer to make cities accessible by non-motorized means such as walking and cycling (Cho and Choi, 2013).

        As such, domestic and international researchers have utilized various indicators to represent the characteristics of compact cities, and <Table 1> summarizes the factors characterizing compact cities based on previous studies. As for the overseas studies, Neuman (2005) defined residential and employment density, mixed land use, accessibility, government financial capability, and road connectivity as the main characteristics of compact cities. Ahfeldt and Pietrostefani (2017) classified the characteristics of compact cities into three main categories: 1) Economic density (which represents population and employment density), 2) Morphological density (which represents the density of the architectural environment), and 3) Mixed land use. Among domestic studies, Kim et al. (2009) analyzed the relationship between compact cities and transportation energy consumption and air pollution concentrations, using variables related to density, city forms, and road traffic infrastructure as spatial structure characteristics of compact cities. Song and Nam (2009) used certain characteristic factors of compact cities, including compact city form, high density, mixed land use, proximity to work, promoted use of public transportation, green area, urban management conditions, and economic level, etc., to analyze the relationship between compact cities and transportation energy consumption. To examine the relationship between compact cities and social sustainability, Kim and Moon (2010) used density, spatial structure, proximity to work, promoted use of public transportation, green space, provision of infrastructure, and self-reliance as characteristic factors of compact cities. Lee and Hwang (2011) used variables related to population, land use, and transportation accessibility as indicators of compact cities to evaluate the compactness of urban spatial structure. Baek et al. (2016) used population density, public transport accessibility, pedestrian convenience, urban green space ratio, and land use mix as compact urban planning factors to examine the correlation between compact cities and regional innovation. Kim and Kang (2018) used total population, population density, concentration of population distribution, clustering of densely populated areas, land use mix, and size of green areas as factors of compact spatial structure to examine the impact of compact spatial structure characteristics on urban thermal environment. Shin and Woo (2021) used employee density, job-housing rate, number of subway stations, and mix of building uses as factors of compact cities to examine the relations between commuting networks and compactness indicators.

        
          Table 1. 
				
          

          
            Indicators measuring compact city
          
          

        

        
        

        As such, previous studies conducted by different scholars on various topics around the compact cities showed no consensus as to the definition of compact cities’ characteristics, but the main characteristics used by many researchers included population-related density factors, land use, and access to public transport. Although some studies have been conducted on the relation between compact city characteristics and specific sectors such as economy, environment, spatial structure, and sustainability, studies that examined the relation between compact cities and infectious diseases were nothing but insufficient.

      

      
        2. Impact of Urban Factors on Spread of COVID-19
        In previous studies on the outbreak and spread of COVID-19, globalization, diversified means of transport, and urban factors were mentioned as the main causes of the spread of the virus (Sung, 2020). Among these, we reviewed literature that examined the impact of certain urban factors of compact cities, including density, land use, and public transport, on the spread of COVID-19. <Table 2> shows the COVID-19 spread indicators and urban factors affecting the spread of COVID-19 used by different authors.

        
          Table 2. 
				
          

          
            The relationships between urban factors and the spread of COVID-19
          
          

        

        
        

        As shown in <Table 2>, there were conflicting opinions among researchers about what kind of impact the high urban density has on the transmission of COVID-19. A number of studies have argued that high-density cities are vulnerable to the spread of COVID-19 because the higher the density of a city, the more frequent the contact between people and the more difficult it is to maintain a certain distance due to active social activities and congestion within the space (Bhadra et al., 2020; Carozzi et al., 2020; Lee et al., 2020; Kim, 2021; Shim and Park, 2021; Bae, 2022; Oh, 2022; Jo, 2022; Lee and Lee, 2023). On the other hand, some studies have shown that higher urban densities reduce the spread of COVID-19 due to better access to quality healthcare services and facilities and higher compliance with policies such as social distancing; according to these studies, urban connectivity has a greater impact on the spread of COVID-19 than density, and that the impact of urban density on the spread of COVID-19 varies by time period (Hamidi et al., 2020; Khavarian-Garmsir et al., 2021; Carozzi et al., 2022). Khavarian-Garmsir et al. (2021) argued that population structure has a greater impact on the spread of COVID-19 than population density, limiting the extent to which urban density can be considered a major risk factor for the spread of COVID-19. Carozzi et al. (2022) found that high urban density could affect the early spread of COVID-19, but not the subsequent transmission, which they attributed to policies such as vaccination and social distancing, as well as a sharp decline in mobility via public transportation.

        Land use is one of the fundamental factors in spatial planning that determines the flow of people and is closely related to the speed and scale of transmission of an infectious disease (Lee et al., 2020). Literature on land use and the spread of COVID-19 has mainly focused on green space and parks and residential areas, and studies on the relationship between green space and parks and the spread of COVID-19 have thus far shown conflicting results. Some studies have found that park area is an important urban factor in the post-COVID-19 era with an increased merit of visiting parks, as larger park areas help contain the spread of COVID-19 (Jo et al., 2021; Jo, 2022). On the other hand, Kim (2021) has argued that the larger the small parks and green spaces are, the greater the spread of COVID-19, suggesting that green spaces do not function as quarantine buffers that physically prevent the spread of infectious diseases among people. As for residential areas, studies have focused on overcrowding, arguing that the spread of COVID-19 is more accelerated in high-rise and high-density residential areas (Chen et al., 2020; Center, 2020; Kim, 2021).

        As a last factor reviewed, some studies suggested that public transport nodal points are high-risk spaces for collective infection of COVID-19 and that urban connectivity, rather than density, is a key factor in the spread of COVID-19. Mo et al. (2021) argued that movement within or between regions is a catalyst for the spatial spread of COVID-19, increasing the risk of random contacts and thus transmitting infectious disease, while Jo (2022) suggested that higher subway station density affects the spread of COVID-19 due to the commercial and public service facilities packed around the station area. In addition, Hamidi et al. (2020) and Jo et al. (2021) found that the spread of COVID-19 was faster in areas with a large influx of people regardless of the density of the city, suggesting that urban connectivity is a more important indicator for the spread of COVID-19 than population density.

        Reviews on previous studies dealing with COVID-19 show that various urban factors affect the spread of COVID-19, and many studies have used the cumulative number of confirmed cases and infection rates as indicators of the spread of COVID-19. However, domestic and overseas scholars have conflicting opinions as to the impact of density-related indicators on the spread of COVID-19. For the cause of this difference, Teller (2021) pointed out inconsistent COVID-19 spread indicators and density measurement methods, as well as differences in COVID-19 testing and policies across countries. Lee et al. (2020) also mentioned the limitations of confirmed cases data aggregated based on the area of residence of the infected.

        Therefore, it is necessary to consider indicators that can easily compare regions and show the intensity of COVID-19 spread, and an analytic approach that consider indicators for dynamic floating population density is needed, in addition to traditional resident population density.

      

      
        3. Infection Reproduction Number
        The Infection Reproduction Number (R) is defined as the number of secondary infections that an infected person in a population can cause, on average, within the period of possible transmission, and if R is greater than 1, it means that the epidemic is continuing due to the spread of infectious diseases within the population. The infection reproduction number is divided into basic reproduction number (R0) and effective reproduction number (Re). The basic reproduction number is an indicator of the biological infectiousness of an infectious disease in the early stages of an outbreak when disease control and intervention measures have not yet been introduced, while the effective reproduction number is an indicator that takes into account personal preventive measures and relevant policy implementation during the ongoing epidemic following the initial pattern of an outbreak, and is used to track changes in infectiousness over time or to determine the short-term effects of the interventions. As such, calculating these numbers is important for evaluating the effectiveness of disease prevention policies and monitoring the transmission of the infections (Yoo et al., 2021).

        In this study, we use the time-varying reproduction number (Rt) which is a type of effective infection reproduction number. This indicator shows the average infectiousness of population at a given point and can be calculated repeatedly using the instantaneous reproduction number method suggested by Cori et al. (2013) using the number of confirmed cases and infectiousness (Cori et al., 2013; Jung et al., 2020; Yoo et al., 2021). To calculate the number, we used the number of daily confirmed cases data and the generation time or serial interval, indicating infectivity. <Figure 1> is an example of serial intervals, which is estimated with the difference between the date of symptom onset of a source of infection and the infected person. Since the serial interval data differs for each infectious disease, this study applied the assumption by the Pan-American Health Organization (PAHO), which estimated that the serial interval of COVID-19 follows a gamma distribution with an average of 4.8 days and a standard deviation of 2.3 days (Moon et al., 2020; Yoo et al., 2021).

        
          
          

          Figure 1. 
				
          

          
            Serial interval (example)
            Source: Modified from Jeong et al.(2020)

          
          

          

        

      

      
        4. Findings
        Based on the review on previous studies, our first finding is that there is no clear definition of compact city characteristics, but density, land use, and access to public transportation have been commonly used indicators to evaluate the compactness of a city. Given that, various characteristics of compact cities should be considered together. Second, there are many urban factors affecting the spread of COVID-19, but the results for each factor are not consistent across studies, which may be attributable to differences in COVID-19 spread indicators, factor measurement methods, time periods, and countries. This raises the need to consider dynamic density indicators to compensate for the limitations of resident population density data utilized in existing studies and to address the inconsistent findings. Third, many COVID-19-related studies have used cumulative confirmed case counts and infection rates as indicators of the spread of COVID-19, but these data have limitations in properly representing the infectiousness of COVID-19 and may not be easily comparable across regions.

        Therefore, this study takes a different approach from the existing studies; we classify urban factors as characteristic factors of compact cities, consider the density of floating population instead of resident population, and utilize the infection reproduction number, which is an indicator of COVID-19 transmission. By doing so, this study aims to analyze the impact of urban characteristics of compact cities on the spread of COVID-19.

      

    

    

  
    
      Ⅲ. Methodology
      
        1. Process and Scope
        The purpose of this study is to empirically analyze the impact of compact city characteristics on COVID-19 transmission. First, we calculated the average instantaneous infection reproduction number for each site based on the daily confirmed case counts provided by the local government data portals. Second, based on previous studies, we selected three characteristics of compact cities: density, land use, and access to public transportation facilities. Finally, we empirically analyzed the impact of compact city characteristics on the spread of COVID-19 through multiple regression analysis, by setting the average instantaneous infection reproduction number as the dependent variable and compact city characteristics as the independent variable.

        The spatial scope of the study was the Seoul metropolitan area, as the number of cases in metropolitan areas was significantly higher than non-metropolitan areas; it takes up about 70% of the total, based on the cumulative number of COVID-19 cases by city across the country as of the 4th wave of COVID-19 epidemic (Figure 2). The spatial unit was set to Si/Gun/Gu (unit names of Korea’s administrative district system) in the Seoul metropolitan area where data was available, but Ongjin-gun, Incheon, was excluded due to its geographic characteristics as an island. The temporal scope is focused on the 4th wave of COVID-19 epidemic (Ministry of Health and Welfare, 2023), and, considering the calculation process of the real-time infection reproduction number and the lack of data on confirmed cases in Incheon Metropolitan City, the subject time frame was set to 201 days, from June 30, 2021, to January 17, 2022.

        
          
          

          Figure 2. 
				
          

          
            Cumulative number of COVID-19 cases
            Source: SGIS, reconstruction

          
          

          

        

        The real-time infection reproduction number used in this study is an indicator of the spread of COVID-19 that captures the short-term effects of a sustained epidemic (Yoo et al., 2021), and the number of COVID-19 confirmed cases in the Seoul metropolitan area during the 4th wave increased by about five times compared to the previous epidemic waves. In addition, the spread of the delta variant during the 4th wave led to an increase in collective infections as well as infections by individual or small-scale contacts (Ha et al., 2023). Considering the characteristics of epidemic periods and the COVID-19 spread indicators, the 4th epidemic period (‘the 4th Wave’) was set as the temporal scope of this study. <Figure 3> is a graph that visualizes the trend of the number of daily confirmed cases in Seoul, Incheon City, and Gyeonggi-do Province for the four epidemic periods since the outbreak of the COVID-19.

        
          
          

          Figure 3. 
				
          

          
            Daily number of confirmed cases
          
          

          

        

      

      
        2. Variables and Model Selection
        The average instantaneous infection reproduction number (Rt) indicative of COVID-19 propagation force, is set as a dependent variable calculated by Cori’s instantaneous reproduction number method, and in consideration of the previous studies, the characteristics of compact cities are set as independent variables, which include density variables, land use variables, and accessibility to public transportation facility variables, as shown <Table 3>.

        
          
            
              	
                
              
              	
                (1) 
				
              
            

          

        

        
          Table 3. 
				
          

          
            Variables used in the model
          
          

        

        
        

        The dependent variable, the average instantaneous infection reproduction number, is the arithmetic mean of the instantaneous infection reproduction number data at a series of specific points in the study's temporal range. In Equation (2), the instantaneous infection reproduction number is calculated by dividing the daily number of confirmed cases at t by the daily number of confirmed cases and infectiousness at t and earlier, using Cori's methodology. W(s) means the current infectiousness as of s and to estimate it, we used serial interval data, which represents the period from the date of onset of an infected person to the date of onset of a second-infected person. For the serial interval data, we used gamma distribution assumptions, which suggest an average of 4.8 days of serial interval and a standard deviation of 2.3 days, as proposed by PAHO (Ahn and Kwon, 2021). In order to facilitate the calculation processes above, this study utilized the EpiEstim, the R package developed by Cori, to calculate the daily instantaneous infection reproduction number, and the average value of the sum of the instantaneous infection reproduction number divided by the total number of days was used as an indicator of COVID-19 transmission for each administrative district (Si/Gun/Gu).

        
          
            
              	
                
              
              	
                (2) 
				
              
            

          

        

        As independent variables in this study, we used density variables related to population factors, such as floating and incoming floating population density, residential density, and employment density. The floating and incoming floating population density for each administrative district was calculated with the average daily inflow population in or out of each district per kilometer based on the area of the city, using the telecommunication mobile population flow statistics provided by the Statistics Korea as Experimental Statistics No. 2021-001. As for the floating population used in this study, if a resident of District A traveled within the same district and stayed there for more than 30 minutes, such resident belongs to the ‘Floating population of District A’; if a resident of District B traveled to District A and stayed there for more than 30 minutes, the resident belongs to the ‘Incoming floating population of District A’. As such, the floating and incoming floating population density are set as independent variables to address the limitations lying in employing the existing resident population density, as pointed out in previous studies (Teller, 2021; Lee et al., 2020), and, at the same time, to fulfill the need to consider more dynamic density indicators. Residential and employment density were set as independent variables considering previous studies (Neuman, 2005; Lee and Hwang, 2011) that characterized compact cities as having high residential and employment density. Residential density was calculated with the number of residents registered as of 2021 per square kilometer for the area of residential districts, taking into account the previous studies suggesting that overcrowded housing affects the spread of COVID-19 (Center, 2020; Chen et al., 2020), and employment density was calculated with the number of employees registered in 2021 per square kilometer based on the area of administrative districts.

         The land use variables were mixed land use, compactness of land use, and green area. The land use mix was calculated by deriving the entropy index for residential, commercial, industrial, and green areas in a city to assess the level of mixed use of land. Entropy is a concept mainly used as a measure of disorder in thermodynamics; the closer it is to 1, the higher the land use mix. It was set as an independent variable considering the study by Kim and Kang (2018) suggesting that it decently reflects the characteristics of compact cities. The mixed land use calculation formula is shown in Equation (3).

        
          
            
              	
                
              
              	
                (3) 
				
              
            

          

        

        Compactness of land use is an indicator developed by Lee et al. (2021) to measure how compact land use is. The index is called the Land Use Compactness Index (LCI), which shows how many different buildings are concentrated in a limited space by employing building floor area and usage data for a 500-meter square grid. This indicator is a normalized average of the Building Density (BD) and Building Mixed Use (BM) and has a value between 0 and 1. The higher the value, the more compact the land use is. The land use compactness can be calculated as shown in Equation (4).

        
          
            
              	
                
              
              	
                (4) 
				
              
            

          

        

        The Building Density (BD) used in the compactness index refers to the degree to which buildings are densely and intensively used and is calculated as the floor area ratio multiplied by the area without buildings to the ratio of the total grid area, as shown in Equation (5). The Building Mixed Use (BM) means the degree to which different building uses are mixed within a limited spatial range; the ratio is calculated with the number of grids with different uses exceeding a certain level to the number of grids with buildings, as shown in Equation (6).1)
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        The green area is an indicator that combines the area of green areas and parks among the use areas; it was set as an independent variable considering the previous study (Baek et al., 2016) suggesting that compact cities are an important indicator as the urban spatial structure concept that emerged to solve environmental problems such as low-density development and morphological sprawl.

        For the public transportation accessibility variables, the number of bus stops per thousand people and the number of subway stations per thousand people were used. Each variable was calculated as the number of bus stops and subway stations per thousand people based on the resident population of the applicable Si/Gun/Gu. These numbers were included as independent variables in consideration of previous studies (Kim et al., 2009; Kim and Ahn 2011; Shin and Woo 2021) showing that compact cities reduce the demand for private cars and promote public transportation in order to save energy consumption and reduce environmental pollution, and areas with more public transport infrastructure have higher accessibility to public transportation.

      

    

    

  
    
      Ⅳ. Results
      
        1. COVID-19 Transmission Force Indicators
        In this study, the average instantaneous infection reproduction number for the 4th wave of COVID-19 epidemic was calculated for the cities, counties and districts (‘Si/Gun/Gu’) in the Seoul metropolitan area. <Figure 4> shows a comparison between the instantaneous infection reproduction number (‘Reproduction number’), the cumulative number of confirmed cases and infection rate during the 4th wave of epidemic, which were used as indicators for the COVID-19 spreading in previous studies. As for the average reproduction number, Ganghwa-gun, Incheon, was the highest at 1.488, and Dongdaemun-gu, Seoul, was the lowest at 0.960. Regarding the cumulative number of confirmed cases, on the other hand, Songpa-gu, Seoul, had the highest number with 627,345 and Yeoncheon-gun, Gyeonggi-do, had the lowest with 605, while the infection rate was highest at 3.45% in Jung-gu, Seoul, and lowest at 0.76% in Gwonsun-gu, Suwon, Gyeonggi-do. As such, the reproduction number used in this study as an indicator of the spread of COVID-19 has different aspects from the cumulative number of confirmed cases and infection rate indicators used in previous studies; this implies that the impact of compact city characteristics on the spread of COVID-19 may also be different from what have been observed in the previous studies

        
          
          

          Figure 4. 
				
          

          
            Comparison of COVID-19 indicators during the 4th wave of COVID-19
          
          

          

        

      

      
        2. Basic Statistical Analysis
        <Table 4> shows the basic statistical analysis of the variables used in the modeling process. The average instantaneous infection reproduction numbers stand at 1.070, with the highest value in Ganghwa-gun, Incheon (1.488), followed by Yeoncheon-gun, Gyeonggi-do (1.349), and Dong-gu, Incheon (1.321); the lowest number was found in Dongdaemun-gu, Seoul (0.960), followed by Nowon-gu (0.961) and Seongbuk-gu (0.961), Seoul. When compared to the cumulative number of confirmed cases, the opposite pattern was observed, indicating that a high number of confirmed cases does not necessarily mean the epidemic of COVID-19.

        
          Table 4. 
				
          

          
            Descriptive statistics
          
          

        

        
        

        Among the density variables in the independent variables category, the average density of floating population in Si/Gun/Gu was 29,222 (no.of persons/km2), and with Nowon-gu, Seoul (56,016) at the highest, followed by Jungnang-gu (50,956) and Yangcheon-gu (48,009), Seoul. The average density of incoming floating population was 15,015 (no. of persons/km2), with the highest in Gangnam-gu, Seoul (55,993), followed by Jung-gu (52,581), and Jongno-gu (34,781), Seoul. The residential density was averaged 26,854 (no. of persons/km2), with Yeongdeungpo-gu, Seoul (47,361) the highest, followed by Gangseo-gu, Seoul (44,075), and Gyeyang-gu, Incheon (41,174), while the employment density averaged 4,274 (no. of persons/km2), with Jung-gu, Seoul (39,169) the highest, followed by Geumcheon-gu (39,503) and Gangnam-gu (34,312), Seoul. As a visible trend, density variables are generally higher in Seoul.

        Among the land use variables, land use mix was found to be 0.516 on average, with the highest figure in Bupyeong-gu, Incheon (0.847), followed by Gwangmyeong-si (0.839), and Siheung-si (0.829), Gyeonggi-do, and with the lowest in Jung-gu, Seoul (0.133), Seodaemun-gu, Seoul (0.163), and Gapyeong-gun, Gyeonggi-do (0.217). Compactness of land use was the highest in Namyangju-si, Gyeonggi-do (0.511), followed by Paju-si, Gyeonggi-do (0.509), and Jung-gu, Seoul (0.5), and the lowest in Ganghwa-gun, Incheon (0.054), followed by Gwacheon-si, Gyeonggi-do (0.066), and Danwon-gu, Ansan-si (0.078). The average green area is 43.37(km2), and was highest at 249.96 in Chaein-gu, Yongin-si, Gyeonggi-do, followed by Hwaseong-si, Gyeonggi-do (246.00) and Namyangju-si, Gyeonggi-do (197.14), while it was the lowest in Jung-gu, Seoul (0.30), followed by Dong-gu, Incheon (0.85), and Dongdaemun-gu, Seoul (1.28), showing generally higher values in Gyeonggi-do and Incheon Metropolitan City.

        Among the accessibility to public transportation facilities variables, the number of bus stops per thousand people averaged 2.752 (units/person), and was observed higher in outlying areas in the descending order of Ganghwa-gun, Incheon (18.424), Yangpyeong-gun, Gyeonggi-do (14.536), and Gapyeong-gun, Gyeonggi-do (14.133). As for the number of subway stations per thousand people, it was highest in Jung-gu, Seoul (0.155), followed by Jung-gu, Incheon (0.084), and Jongno-gu, Seoul (0.069) as these areas have relatively low resident populations in general.

      

      
        3. Multiple Regression Modeling Results
        <Table 5> shows the results of the multiple regression modeling. All variables have a Variance Inflation Factor (VIF) of 10 or less, indicating that there is no multicollinearity issue found.

        
          Table 5. 
				
          

          
            Results of multiple regression analysis
          
          

        

        
        

        Among the density variables, which are representative indicators of a compact city, the floating population density and residential density variables for each Si/Gun/Gu were found to have a significant impact on the transmission of COVID-19, while the incoming floating population density and employment density that comes from other regions were not statistically significant. As being reviewed earlier, Jo et al. (2021) and Jo (2022) also suggested that employment density was not a significant factor as to an increase of cumulative number of confirmed cases.

        First, among the floating population densities introduced from the previous studies (Teller, 2021; Lee, 2020) suggesting that it is necessary to consider more dynamic density indicators and limitations existing in resident population density when explaining the spread of COVID-19, the floating population density in Si/Gun/Gu was found to have a significant negative effect on the reduction of COVID-19 propagation force, but the incoming floating population density was not statistically significant. This finding is consistent with Hamidi et al. (2020) and Khavarian-Garmsir et al. (2021), who found that population density had no effect on the spread of COVID-19, but contrary to a number of other previous studies showing that resident and daytime population density and traffic flow density had a significant impact on the spread of COVID-19 (Bhadra et al, 2021; Carozzi et al., 2020; Jo et al., 2021; Lee et al., 2020; Kim, 2021; Shim and Park, 2021; Bae et al, 2022; Oh, 2022; Jo, 2022; Lee and Lee, 2023). Considering the temporal range of the study and previous studies showing that the ‘lock-down’ policies (i.e. school and workplace shutdowns, public event cancellations, public transportation disruptions, and movement restrictions) reduced infection reproduction number, these findings can be attributable to the nationwide vaccination rates reached 70% during the 4th wave of the pandemic, and the social distancing policies that implemented remote working/classes and gathering restrictions (Han and Park, 2021; Yang et al, 2022). Also, the reduced mobility of urban residents compared to the pre-COVID-19 periods can also be a reason why high density did not affect the spread of COVID-19 during the later epidemic wave (Carozzi et al., 2022). On the other hand, residential density was found to have a significant effect on the increase in COVID-19 propagation force, suggesting that a large number of residents in a residential district can affect the spread of COVID-19. These results are consistent with studies showing that overcrowded housing affects the spread of COVID-19 (Center, 2020; Chen et al., 2020; Kim, 2021).

        As such, the representative density variables of compact cities showed quite inconsistent trends, which suggests that the impact of density may vary depending on the timing of the COVID-19 epidemic, the number of confirmed cases, and the severity of the transmission power of the virus, and that the type of density measurement used can also make a difference in results. Furthermore, given the limitations in counting COVID-19 cases by residence rather than by source of infection, caution should be taken in interpreting the relationship between high-density compact cities and COVID-19.

        Second, in terms of land use variables, the compacted land use and green area were found to have a significant effect on reducing COVID-19 transmission; this can be interpreted that the more compact the land use, the more diverse the use of buildings in the zone, and the larger the area of green space and parks, the lower the COVID-19 propagation power. These results contradict studies that have shown that green spaces do not play a role in preventing human-to-human transmission of infectious diseases (Kim, 2021), but are consistent with studies suggesting that parks are important urban factors in the post-COVID-19 era as they help curb the spread of COVID-19 (Jo et al., 2021; Jo, 2022).

        As such, the compacted use of land to prevent the urban sprawl, and the expansion and proper placement of open spaces such as green areas and parks, which served as a ‘buffer zone’ to prevent the spread of COVID-19 in high-density environments, can help create a safe urban environment; this can be interpreted that compact land use would be effective in the post-COVID-19 era (Lee, 2020). Nevertheless, a cautious approach is needed because the green area and parks can facilitate the spread if a large number of people use those at the same time (Chen et al., 2020).

        Finally, the public transportation facility accessibility variables show that the number of subway stations per thousand people is not statistically significant, but the number of bus stops per thousand people has a significant impact on the increase in COVID-19 transmission power. These results are consistent with previous studies suggesting that 1) public transportation facilities have an impact on the spread of COVID-19, 2) mobility serves as a risk factor for the transmission of the disease by facilitating the spatial spread of COVID-19 and increasing the frequency of human-to-human contact; and 3) connectivity, rather than urban density, is a major factor in the spread of COVID-19 (Mo et al., 2021; Hamidi et al., 2020; Jo et al., 2021; Jo, 2022). However, given that the decreased use of public transportation due to COVID-19 is exacerbating the profitability of public transport business and increasing the financial burden on public and private sectors, measures to promote safe public transportation usage is needed, including stricter bus disinfection, contactless systems, transportation demand and congestion management, facility hygiene control, and innovative ventilation systems (Mo et al., 2021; Kim, 2020; Bin and Son, 2021).

      

    

    

  
    
      Ⅴ. Conclusions
      Compact cities have emerged as an urban planning concept to solve complex problems such as traffic congestion, reckless urban sprawl, and environmental pollution caused by rapid growth of a city, and is an urban spatial structure to secure environmental sustainability and improve energy efficiency for sustainable development. However, the COVID-19 pandemic has raised questions about whether compact cities are sustainable urban spatial structures. Against this background, urban factors have been mentioned as a major cause of the spread of infectious diseases, but there were limitations in the COVID-19 indicators used in previous studies, and empirical studies on the relationship between compact cities and infectious diseases are relatively scarce. Therefore, this study analyzed the impact of compact city characteristics on the instantaneous infection reproduction number, an indicator of the spread of the virus during the 4th wave of the epidemic.

      The results show that the instantaneous infection reproduction number has a different pattern compared to the cumulative number of confirmed cases and infection rates used in previous studies. This means that a high number of cumulative confirmed cases in a particular area does not indicate an epidemic of COVID-19. In addition, among the density variables of compact cities, the floating population density of an administrative district has a negative effect on the transmission of COVID-19, but residential density has a positive effect. This suggests that density may not affect the subsequent spread of COVID-19 due to high vaccination rates and implementation of relevant policies such as social distancing during the 4th wave of COVID-19, but overcrowding can still be considered vulnerable to the transmission of the virus, so caution is needed in interpreting the relationship between compact cities and COVID-19. Among the land use variables, compacted land use and green area were found to have a negative impact, suggesting that compact land use and green space provision will remain effective in the post-COVID-19 era. However, among the public transportation accessibility variables, the number of bus stops per thousand people was found to have a positive effect, suggesting that connectivity is more vulnerable to the spread of COVID-19 than urban density.

      The implications and limitations of this analysis can be summarized as follows.

      First, this study utilized the instantaneous infection reproduction number, which has not been used in previous studies, and suggested that a high cumulative number of confirmed cases does not necessarily indicate the continuation of the COVID-19 epidemic in that region. Therefore, when analyzing the relationship between urban factors and infectious diseases, the instantaneous infection reproduction number should be considered in addition to the confirmed cases counts.

      Second, in the wake of COVID-19, a dichotomous approach as to whether compact cities are a sustainable planning concept or not should be avoided; more importantly, it is necessary to analyze the correlation between various compact city characteristics and infectious diseases to establish effective urban plans to more effectively respond to infectious diseases in the post-COVID-19 era. Regarding density indicators, different indicators showed different results, indicating that it is hard to conclude that compact cities are vulnerable to the spread of COVID-19 simply because of its high density. In the case of land use and public transportation accessibility indicators, the more compact land use and the more open spaces secured were found to suppress the spread of COVID-19, but high public transportation accessibility was a factor that increases the spread of COVID-19. This suggests that in future urban planning for a city of compact nature, employing compact land use and securing open space to avoid reckless urban sprawl should be considered as an effective concept in the post-COVID-19 era, but it is also important to maintain appropriate density level for cities, and to establish policies to make it safe to use public transportation, rather than ones that curb the usage of it.

      Finally, the temporal scope of this study focuses on the 4th wave of COVID-19 epidemic, and there existed some limitations in obtaining data on COVID-19 and potential disturbance factors. While the 4th wave was a period where small-scale and individual contacts spread infections across the Seoul metropolitan area, factors that led to the spread of COVID-19 may differ for each wave. We haven’t looked into the effect of temperature and government policies, which can also be a limitation of this study. In addition, it was difficult to obtain data on personal information of patients confirmed with COVID-19, places of confirmation, vaccination rates, and the proportion of foreigners, which made it impossible to carry out more detailed segmentation, and potential disturbance factors have also not been considered. Later studies utilizing micro-spatial units (i.e. ‘Dong’, the smallest administrative unit in the Seoul metropolitan area), specific location of infection, and time series data, if conducted, can help evaluate various indicators of compact cities for each epidemic wave of the COVID-19 pandemic.
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        Note 1. ‌The value	used in this study for the number of building use is 10. This is based on the same method as how Lee et al. (2021) used 10 (the lowest value among the outliers) for	after reviewing the statistical distribution of the number of building uses within the grids across the country.
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