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Abstract

:

This study took Chiayi City—a tropical, medium-sized city—as an example to investigate the urban heat island (UHI) effect using mobile transects and built environment characteristics in 2018. The findings were compared to those from a study in 1999 to explore the spatiotemporal changes in the built environment characteristics and UHI phenomenon. The result for the UHI intensity (UHII) during the day was approximately 4.1 °C and at midnight was approximately 2.5 °C. Compared with the survey in 1999, the UHII during the day increased by approximately 1.3 °C, and the UHII at midnight decreased by approximately 1.2 °C. The trend of the spatial distribution of the increasing artificial area ratio (AAR) proved the importance of urban land use expansion on UHI. The results of the air temperature survey were incorporated with the nesting space in GIS to explore the role of built environment characteristics in UHI effects. The higher the population density (PD) and artificial area ratio (AAR) were, the closer the proximity was to the downtown area. The green area ratio (GAR) was less than 0.2 in the downtown area and increased closer to the rural areas. The built environment factors were analyzed in detail and correlated with the UHI effect. The air temperature in the daytime increased with the population density (PD) and artificial area ratio (AAR), but decreased with the green area ratio (GAR) (r = ±0.3–0.4). The result showed good agreement with previous studies.
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1. Introduction


Rapid social and economic growth and prosperity have affected the urban thermal environment and caused changes in the local climate, environment, and quality of life of residents. The most obvious issue is the urban heat island (UHI) effect. UHI is defined as a phenomenon in which air temperatures of urban areas are higher than those of the surrounding or rural areas [1]. The urban heat island intensity (UHII), which is the maximum temperature difference between the urban and rural areas, is usually used to measure the severity of UHI [2].



Early studies have found that UHII was related to the size of the city, as indicated by the population [3]. Therefore, many of the UHI research areas have mostly been in large metropolitan areas [4,5,6,7]. However, more recent studies have pointed out that the population is only an indicator of the energy exchange between the urban structure and UHI, and the physical form or characteristics of the city are more important for the urban energy balance [8,9]. The effects were investigated of urban development in a tropical area on urban sprawl, the urban heat island (UHI) effect, and metropolitan weather phenomena that are related to the quality of urban life in the Hanoi metropolitan area in Vietnam. The results imply that during the study period from 1999 to 2016, urban development and its environmental effects have imposed pressing issues and new challenges for sustainable development [10]. From the 2000–2015 Bangkok survey, it was found that urban physical characteristics have a significant impact on the UHI magnitude, particularly the floor area ratio (FAR) and building coverage ratio (BCR), in which temperature levels at 10 p.m. and the thermal cooling rate between 4 and 10 p.m. had a correlation value (r) of over 0.50 [11]. Quite recently, the mobile measurement of the Shenzhen Overseas Chinese Town was incorporated with the GIS-based spatial interpolation and led to a quantified evaluation of the local UHI densities. The spatial distribution results demonstrated that decreasing the building density may help relieve local-scale UHI effects [12]. In addition, according to the 2009 survey in Taichung City, Taiwan, it was found that the street air temperature is correlated with the height-to-width ratio (H/W ratio) (r  =  0.481), green ratio (r  =  0.729), and BCR (r  =  0.654), during the night [13]. In the city of Bogotá, Colombia, the relationship between the UHI and population size was studied while considering population density and urban form parameters of different neighborhoods. The results show that a density of greater than 14,500 inhabitants/km2 may cause air temperature differences of more than 1 °C, greater obstruction of the sky (SVF < 0.45), and a larger decrease in green areas and vegetation cover (previous surface fraction < 30%) [9].



On the other hand, the basis for economic competitiveness has shifted to the knowledge-based processes of innovation and creativity [14]. The distributions of city sizes, therefore, have not remained the same over time. The UHI effects have also changed with time and space. Medium-sized cities have populations of between 100,000 and 300,000 people [15]. Recently, because the diversity of the commercial activities and manufacturing industries has caused changes in medium-sized cities, there appears to be a renewed interest in the development of medium-sized cities. In the mid-latitude, inland plains of Italy, and the low-latitude coastal plains of Malaysia, researchers have begun to conduct UHI surveys on the medium-sized cities of Padua [16] and Muar [17], where the populations are approximately 150,000–300,000, and have found that the UHII can reach 4–6 °C. Those UHIIs have been almost equal to those of the mega-cities with populations of more than one million, implying that urban characteristics or other factors, such as geographical conditions [4,18], have more important impacts on the UHI. However, there is little research in the medium-sized cities, and the related phenomena and mechanisms still need to be investigated. In addition, medium-sized cities are also in the early stages of development in large cities. Due to the limitations of time, it is difficult to study the UHI in large cities and to trace it back to past urban development. Therefore, if we can understand the more relationship between the heat UHI and the factors of urban building in developing medium-sized cities, we can increase the understanding of the impact of urban expansion on the UHI.



Therefore, this study takes a tropical, medium-sized city, Chiayi City as an example to investigate the UHI and the built environment characteristics in 2018 and compared it with a study conducted in 1999, to explore the spatiotemporal changes in the built environment characteristics and urban heat island (UHI) phenomenon.




2. Materials and Methods


2.1. Measurement of UHI Intensity


This study measured the effects of the UHI using the mobile transect observation method. Mobile measurement is usually carried out using the temperature sensors installed on a car or a mobile platform, using a preplanned route and locations to obtain instant data of the urban temperature. The advantages of the method include the high mobility and the high degree of freedom in the investigation times and places. The disadvantages are the lack of time synchronization and the susceptibility to traffic jams. Therefore, if the method can shorten the observation time and correct for time synchronization and standardization, more accurate results will be obtained.



2.1.1. Study Scope and Measurement Points


The present study took Chiayi City, Taiwan, with a population of approximately 270,000 people, as the research object. It is approximately 31 km from the city to the coastline. Figure 1 shows the survey area, routes, and measurement points. In detail, the survey area was divided into three parts by the routes, i.e., the western, northern, and southern routes. The intersections on the main roads were selected as the measurement points. Moreover, the points were denser in the urban areas and sparser in the rural areas. Each route had approximately 30 measurement points, and there was a total of 87 measurement points. The survey for the three routes was carried out at the same time and completed in 1 h.




2.1.2. Survey Time, Method and Measuring Instruments


The survey was conducted on sunny summer days without rain from 28 July to 31 July 2018. The survey hours were from 10:30 a.m. to 2:30 p.m. and 11:00 p.m. to 2:00 a.m. The measurements were conducted on an hourly basis. The method was to move to the measuring point in a sequence with a group of two people and one motorcycle and stay for 15 s at the measuring point, recording one data point every 2 s. The time synchronization of the measurements and recording devices was performed before the survey to ensure that each route remained synchronized.



The measurement and recording device used was the outdoor temperature and humidity recorder HOBO MX2301 (Onset co.), which has a temperature measurement range of −40 °C to 70 °C with an accuracy of ±0.2 °C. The data were also collected and recorded every 5 min in the fixed weather station in Lantan Campus, National Chiayi University, to correct for the time synchronization. The device used in the weather station was the HOBO RX3000 (Onset co.), which has a temperature measurement accuracy of ±0.2 °C.




2.1.3. Correction for Time Synchronization


For each hourly observation, the data recorded at the midpoint of the time period were used as the reference for the correction. For example, an hourly observation was made for the time period from 1:00 to 2:00, and the mid-time point was 1:30. As mentioned, the data were collected and recorded every 5 min at the weather station, and the data were measured and recorded every 2 min along the survey routes. These data were corrected within a period of 2 min. For example, if the weather station collected data at 10:32 and 10:37, and the survey measured data at 10:34, then the 10:32 data from the weather station should be used to correct the 10:34 survey data for time synchronization. The range of the time correction was approximately ±0.2–0.9 °C, with an average of −0.06 °C.




2.1.4. Background Weather Conditions


The UHI phenomena are more easily observed when the weather phenomena on large scales are weak, or on sunny summer days with no rain. Table 1 summarizes the background weather conditions during the survey. To facilitate the comparison with the 1999 study, the background weather conditions of the survey day in 1999 are also compiled in Table 1. The weather data were from the Chiayi weather station, Taiwan Central Weather Bureau [19]. After comparing the hourly temperature data, during the daytime measurement period on 29 July, the cloud volume was the lowest that had been observed, the wind speed was low, and the temperature was high, making it the most representative day during the observation period.





2.2. Analysis of the Built Environment Factors


Previous studies [8,9,10,11] have shown that built environment factors or urban physical characteristics such as population density, building cover ratio, floor area ratio, and anthropogenic heat, can significantly affect the UHI intensity. The population density can show the concentration and distribution of the urban population and the urbanization intensity within a city [9] and be used as a metric to determine spatial variation in electrical use and thus estimate energy consumption and the magnitude of anthropogenic heat in a city [9,20]. Urban land cover, such as building cover, green coverage, water surface, and street surface ratios [8,9,11], is related to urban land use and alters the urban energy balance [9,21]. Therefore, this study first analyzed the district-scale population density (PD), artificial coverage ratio (AAR), and green coverage ratio (GAR) to investigate their roles in UHI formation. In detail, data were first collected from the district population and areas from the 2018 official website [22], and then ratios were used to obtain the population density for each district. Aerial photographs from 2014 [23] were then collected for Chiayi City and used to analyze the artificial coverage and green coverage ratios for each district. The AAR describes the proportion of the urban land cover plan area occupied by artificial objects (built-up and street areas), and GAR describes the proportion of the urban land cover plan area occupied by plants (park and green areas). We also analyzed the 100-m building coverage ratio (BCR, built-up area) and investigated its role in UHI formation. In greater detail, the building area and the coverage ratio were calculated for the area enclosed by a circle with a 100-m diameter with the center located in each survey point. These district-scales and 100 m-scale built environment factors aided in obtaining a better understanding of UHI effects and spatial changes.




2.3. Correlation Analysis


For understanding the correlation between the air temperature and each built environment factor, linear regression analysis was performed and yielded the coefficient of relevance (r) as a reference indicator for discussion. In addition, to facilitate an understanding of the results of r for discussion and comparison, we referred to the results of the study in 1999 [24,25] and statistical definitions to define the magnitude of correlation as of the following three types. If the r was equal to or greater than 0.50, the factor was considered to be highly correlated with the UHI. If the r ranged from 0.3 to 0.5, the factor was considered to be moderately correlated with the UHI. If the r was less than 0.30, the factor was considered to be weakly correlated with the UHI.





3. Results and Discussion


Lin et al. [24,25] also completed mobile transect observations in Chiayi City and evaluated the UHI effects in 1999. The survey had three routes, each route had approximately 70 measurement points, and each was carried out at the same time and completed in 1.5 h. The daytime and nighttime measurement periods were from 12:00 to 14:00 and from 2:00 to 4:00, respectively, and the time synchronization point was 14:00 and 2:00, respectively [24,25]. This allowed us to compare these data in detail to those of the present work to understand the spatiotemporal changes in the built environment characteristics and UHI.



3.1. UHI Temperature


3.1.1. Daytime


Figure 2a,b depict the contours of UHI temperature for the summer daytime in Chiayi City in 1999 and 2018. The 1999 survey obtained the highest temperature of 33.9 °C near the central area and the lowest temperature of 31.1 °C near the Lantan Reservoir area. The 2018 survey obtained the highest temperature of 37.5 °C and the lowest temperature of 33.4 °C (the average of 28 and 29 July). Accordingly, both surveys had a low-temperature zone near the Lantan Reservoir. During the last two decades, the daytime variation of the highest temperature increased by approximately 3.5 °C, the daytime variation in the lowest temperature increased by approximately 2.5 °C, and the daytime UHII increased from 2.8 °C to 4.1 °C in Chiayi City. Furthermore, in the spatial distribution of the high-temperature regions, it can be found that the high-temperature regions in 2018 had a tendency to expand to the east, west, northwest, and south compared with the results of the 1999 survey, and in the changes of the low-temperature regions, there was a tendency to concentrate on the west areas.



Compared to the similar medium-sized city, the population with approximately 150,000–200,000 people, Padua, Italy, and Muar, Malaysia, [16,17] it can be found that the UHII in the mid-latitude, inland cities of Padua, Italy, was 2.0 °C higher than that in Chiayi City. The UHII in the tropical, coastal city of Muar, Malaysia, was equal to that in Chiayi City. The results of this study were consistent with the previous research and imply that even if the city size is similar (population), the difference in latitude or geographic location of the city would have a certain degree of influence on the strength of the UHIs.




3.1.2. Midnight


Figure 3a,b depict the contours of UHI temperature for the summer midnight in Chiayi City in 1999 and 2018. The 1999 survey gave the highest temperature of 27.6 °C and the lowest temperature of 23.9 °C. The 2018 survey gave the highest temperature of 28.5 °C and the lowest temperature of 26.0 °C. During the last two decades, the highest temperature increased by approximately 1.1 °C, the lowest temperature increased by approximately 2.1 °C, and the midnight UHII decreased from 3.7 °C to 2.5 °C in Chiayi City. The decrease in the night UHII may be due to the land use expansion in the outer portion of the center area and the eastern suburbs, which results in a decrease in the nighttime air temperature of the suburbs, where the night cooling effect should be strong, which resulted in a smaller difference from the highest temperature. In addition, the spatial distribution of the high-temperature regions was similar to that in 1999, but there was a trend of expansion to the northwest and southwest. The distribution of the low-temperature regions was also similar to that in 1999, but the original cold zone of the north and southwest side had a tendency to decrease towards the western side.




3.1.3. Changes in the Artificial Area Ratio from 20 Years Ago vs. UHI


The study collected, analyzed, and compared the 2005 and 2014 aerial photos to calculate the area of the built environment and the coverage ratio (i.e., artificial area ratio). This broadens the understanding of the expansion of the commercial and industrial activities in Chiayi City during the last two decades. Figure 4 shows the increase rate for each district. It was found that in the central area, the increase rate ranged between 0% and 30% (approximately 2 km radius around the Chiayi Railway Station, C1), and the increase appeared to be trivial. For the zone between the central and rural areas, the subcentral areas (approximately 2–4 km radius around the Chiayi Railway Station, C2), the ratios of increase changed from 45% to 90% or higher, and this increase appeared to be the highest one. In the rural area, approximately 2–4 km from the subcentral area (C3–C4), the increase again dropped to 30% and below.



Moreover, in the subcentral area with the highest increase, the northeast, east, northwest, west, and southwest sides had the most obvious increase ratios. The spatial change trend of increasing the artificial area ratio was consistent with the trend of the UHI between 2004 and 2015 (Figure 2 and Figure 3) and distinctly indicated the importance of the influence of urban land use expansion on the UHIs.




3.1.4. Influence of Climate Change in 1999 and 2018


Many studies have shown that climate change has led to an increase in the air temperature. To understand how much the UHI results between 1999 and 2018 survey may have been affected by climate change, we further collected and analyzed data. The results found that according to the IPCC survey report, the global air temperature increased by approximately 0.85 °C during the past 100 years (1880–2012), while it increased by approximately 1.3 °C in Taiwan (1900–2012) [26]. This change translates into an annual average air temperature increase rate of 0.006 °C/year and 0.012 °C/year, respectively. According to these data, the air temperature increases, which may have been affected by global warming from 1999 to 2018, were approximately 0.11 °C and 0.23 °C, respectively. If the UHI results for 1999 and 2018 are deducted by the values that may be a result of global climate change, the air temperature increase over the past 20 years remains significantly greater than the global warming effect (Table 3). This result also indicates that in comparison to the global warming effect, the UHI effect affected by urbanization is more serious and important.




3.1.5. Influence of Measurement Difference in 1999 and 2018


Table 2 lists a comparison of the UHI measuring differences between the studies of 1999 and 2018 and indicates that the differences are mainly terms of the (A) measuring method and (B) measuring time. Differences in the (A) measuring method could result in problems of measuring accuracy. The 2018 survey (the present study) has a higher accuracy for instrument measurement and per-route measuring period. Although the measuring points are fewer than in 1999 and the accuracy may be lower, the total results could be mutually offset. As a result, the difference in the accuracy is small and can be ignored. The difference in measuring time mainly results in a difference in background weather conditions (B1) and the problem of air temperature change caused by an inconsistent measuring period (B2, B3). During the day, while the measuring period of 2018 was 1–1.5 h later than that of 1999, the two were corrected to become the same time point (14:00) and can be regarded as consistent. During the midnight measuring period, there was a similar situation. After time synchronization, although the 2018 survey remained 0.5 h earlier than 1999 survey, via comparison of the data from the weather station (for correction), the air temperature difference between 1:30–2:00 was only approximately ±0.03–0.2 °C. Therefore, the main error resulting from the difference in the measuring methods was the difference in the background weather condition caused by the inconsistent measuring date (B1).



According to Table 1, the main difference in the background weather conditions during the 1999 and 2018 surveys was the effects of solar radiation (global solar radiation) on air temperature. During the day, the average hourly radiation on 16 August of 1999 and 28 and 29 July of 2018 was 1.32, 1.51 and 1.80 MJ/m2 respectively (Table 3). Thus, the radiation during the 2018 survey was higher by 15% (28 July) and 32% (29 July) than during 1999. To analyze the air temperature increase caused by the higher radiation in 2018, we further used the meteorological data of the Taiwan Central Weather Bureau [19] to analyze the values of air temperature increase caused by radiation variation. We assumed that the air temperature increase from 1999 to 2018 was mainly due to three effects: (1) global warming, (2) the UHI effect, and (3) the effect of higher radiation on measuring days of 2018. The effect of global warming (1) is as described in Section 3.1.4, and the UHI effect (2) is the air temperature variation caused by urban expansion, land use change, human activities, etc. The discussion of the air temperature increase caused by radiation variation (3) must select the time point that was not affected by changes in urban development during 1999 and 2018, and the date in which other background weather conditions were consistent with the baseline date. Therefore, with 8/16 of 1999 as the reference date and using the global solar radiation (X) and air temperature (Y) from 6:00 to 18:00, a linear regression equation was obtained: y = 2.5253x + 26.053 of R2 = 0.75 (interpretation of 75%). Accordingly, substituting the values of global solar radiation on 28 July and 29 July of 2018, and estimating the air temperature increase only caused by the radiation variation, the results showed that the average air temperature difference (13:00–15:00) was +0.60 and +1.33 °C, respectively, with the average of these as +0.97 °C. At midnight, because the air temperature was affected by radiation during the day, the analysis was conducted in the same manner. Substituting the values of global solar radiation on 30 July of 2018, the results showed an average air temperature difference of +1.22 °C (6:00–18:00).



In addition, the effects of the air temperature increase via (1) global warming, and (3) the radiation variation of the measuring date compared to 1999 mainly affected the difference between the highest and the lowest temperature during the 20 years for the day and midnight. The results are summarized and listed in Table 3.





3.2. Built Environment Factors in Chiayi City


3.2.1. Population Density (PD)


The PD in Chiayi City averaged approximately 1000 people/km2. Figure 5a,b give the frequency and spatial distribution of the PD by city districts. Figure 5a indicates that 91% of the districts had a population density of 0–1800 people/km2, and 8.4% of the districts had a PD greater than 1800 people/km2. Figure 5b shows the spatial distribution of the PD. It appears that for the districts near the central train station area, the values were higher and showed more than 900 people/km2, but for the districts near the rural areas, the values were smaller and showed less than 600 people/km2. In other words, the population density increased when approaching the station. The population density decreased by moving away from the station.




3.2.2. Green Area Ratio (GAR)


Figure 6 shows the green area ratio (GAR) and the frequency distribution for each district in Chiayi City. The ratio was lower than 0.4 for the majority of the city (approximately 71% of the districts). The ratio decreased to 0.2 and lower in the areas located approximately 2.0 km from the train station or city center. The further away from the city center, the greater the GAR. The distribution of the GAR in Figure 6 had an opposite trend when compared to that of the artificial area ratio (AAR) in Figure 7. The ratio was higher than 0.8 for a minor part of the city (nearly 10% of the districts). The ratio was greater than 0.6 for the districts near the Lantana Reservoirs and the newly constructed high-speed railway station.




3.2.3. Artificial Area Ratio (AAR)


Figure 7 shows the artificial area ratio (AAR) for each district. In detail, the building area or coverage ratio was calculated for the area enclosed by a circle with a 100-m diameter with the center located in each survey point. Figure 7a showed that approximately 50% of the districts had a value between 0.8 and 1.0, followed by 18% of the districts, and the districts with values between 0.6 and 0.8 and lower than 0.4 were less than 23% of all districts. Figure 7b shows the spatial distribution of the AAR. The results showed that the AAR more than 0.6 was mostly concentrated in the area with a radius of approximately 3 km around the railway station. The values were all less than 0.4 for the Lantan District in the rural area on the east side (except the Daya Road shopping district), as well as in the North Port Road and the high-speed rail area on the west side.



These 100 m-scale building area ratios (BAR) and the effects were analyzed and compared to the district-scale ratios to gain a better understanding of the UHI formation and the spatial changes. The results are shown in Figure 7c and appear to show that in the central area (near railway station), the values could reach 60 and were obviously higher than for other parts of the districts.





3.3. Coefficient of Correlation between the UHI and Built Environment Factors


3.3.1. District-Scale Analysis


Table 4 provides an example of the linear regression analysis of the UHI temperature and district-scale built environment factors. The correlation coefficient(r) not only changed for the built environment factors but also varied significantly according to the survey time. As expected, the UHI temperature increased with population density and artificial coverage ratio but decreased with the green coverage ratio. As illustrated by the table, district-scale built environment factors, such as the population density, artificial area ratio, and green coverage ratio moderately related with the air temperature surveyed at 1:00 p.m. (r > 0.3), and this trend was more obvious at 2:00 p.m. (r > 0.4, except PD).




3.3.2. 100 m-Scale Analysis


Table 5 summarizes the results of the linear regression analysis on the UHI temperature and 100 m-scale building coverage ratio. For the overall Chiayi City area, the district-scale artificial area ratio had the greatest r of 0.42 for the temperature surveyed at 2:00 p.m., and the 100 m-scale building coverage ratio also had the greatest r of 0.42 for the temperature surveyed at 1:00 p.m. (see Table 4 and Table 5). These two factors were thought to have very similar effects on the UHI and gave the same coefficient of correlation with the surveyed temperature.



As illustrated by the table, the UHI temperature increased with the building coverage ratio as expected. Moreover, the coefficients of correlation not only changed for the survey areas but also varied depending on the survey time. In detail, the building coverage ratio highly correlated with the 1:00 p.m. UHI temperature in the western area (r = 0.58 > 0.5), and the correlation was much greater than those at the other survey time and in the other areas.




3.3.3. Time-Scale Analysis


The present study made mobile transect observations in Chiayi City in 2018, analyzed the population density, artificial area ratio, and green coverage ratio, and calculated the coefficients of correlation with the UHI temperatures. Table 4 summarizes the coefficients of the correlation (r) between the built environment factors and the UHI temperatures. The population density and the artificial area ratio affected the UHI daytime temperatures relatively more significantly. In contrast, the green coverage ratio was also affected, and the coefficient of correlation was slightly greater for the UHI midnight temperature.



Lin et al. [24,25] made mobile transect observations in Chiayi City in 1999, analyzed the 1000 m-scale population density, artificial area ratio, and green coverage ratio, and calculated the coefficients of correlation with the UHI temperatures. As illustrated in Table 6, the r has decreased in the last two decades. Specifically, the population density was highly correlated with the UHI daytime temperature in 1999 (r = 0.67 > 0.5), but the correlation became relatively weak in 2018 (r = 0.28 < 0.5). There were similar trends in the other two built environment factors and in the midnight UHI temperatures.



The reason why the correlation coefficient (r) of this study was lower than the value of 1999 is probably for the different calculation ranges. Lin et al.’s research [24,25] used built environment factors in the range of 1000 m radius from measurement points, while this study mostly used those factors in the range of approximately 200–300 m. The results of the correlation coefficient seem to indicate that the results of the built environment factors with a large radius, such as 1000 m, can better reflect the relationship between the UHI effects obtained by mobile transects and built environment factors. However, according to the analysis results of the smaller range, 100 m-scale, artificial coverage rate in this study, the correlation can be improved to approximately 0.4–0.6 (Table 5). Therefore, in the discussion of the correlation between the urban built environment factors and the UHI effects obtained by the mobile transects, it is useful to select the appropriate extent areas for analysis. In other words, it is an issue worthy of further research to determine how much the UHI effects of the block scale would be affected by the built environment factors within a certain distance.






4. Conclusions


This study took a medium-sized city in the tropics that has rarely been used as a research object, investigated the UHI effect and the built environment factors, and explored their relevance. The results of the study were also compared to those of a previous study in 1999 to discuss the impacts of urban land use expansion on the UHI effect. The present findings contribute to our understanding of the UHI effect in medium-sized cities and indicate new possible study issues for UHIs in future research. The main findings obtained are summarized as follows.



In the UHI survey results in Chiayi City:




	(1)

	
The maximum temperature of the UHI in the day was approximately 37.5 °C, and the lowest temperature was approximately 33.5 °C. In comparison with the study in 1999, the maximum temperature difference was approximately +2.3 °C, the minimum temperature difference was approximately +1.3 °C, and the UHII was increased from 2.8 °C to approximately 4.1 °C.




	(2)

	
The maximum temperature of the UHI at midnight was approximately 28.5 °C, and the lowest temperature was approximately 26.0 °C. In comparison with the study in 1999, the maximum temperature difference was approximately −0.4 °C, the minimum temperature difference was approximately +0.7 °C, and the UHII was decreased from 3.7 °C to approximately 2.5 °C.




	(3)

	
The day-time UHII was consistent with those found in the other medium-sized cities with similar populations of 200,000–300,000 and was comparable to those of large cities with populations of more than one million. Otherwise, it was also found that the UHII of a medium-sized city in the mid-latitude (Padua, Italy) was approximately 2.0 °C higher than those of the medium-sized cities in the tropics (Chiayi, Taiwan and Muar, Malaysia).




	(4)

	
According to the analysis of the increase in the artificial coverage ratio between 2004 and 2015, it was found that the increase of the center area was the lowest, while the sub-central area, the outer 2 km radius of the center area, had the highest increase at approximately 45%–90%. Outside of the sub-central area, it again fell to below 30%. In the sub-central area with the highest increase, the northeast, east, northwest, west, and southwest sides had the most obvious increase ratios. This trend was consistent with the trend of the spatial changes in UHI (day-time and night-time) between 2004 and 2015, and it clearly proved the importance of the influence of urban land use expansion on UHIs.









In the results of district-scale built environment factors in Chiayi City:




	(1)

	
The population density averaged approximately 1000 persons/km2, and its spatial distribution had a tendency to decrease outward from the central area (=900 persons/km2) to rural areas (<600 persons/km2).




	(2)

	
The green coverage ratio averaged approximately 0.32, and in contrast to the population density, its spatial distribution tended to increase outward from the central area (=0.2) to the rural area (>0.6).




	(3)

	
The building coverage ratio averaged of approximately 0.66, and its spatial distribution was consistent with the population density, as it tended to decrease outward from the central area (=0.6) to the rural area (<0.4).









In the results of the correlation analysis of the UHI and the built environment factors:




	(1)

	
The results indicated that the correlation coefficient(r) between the daytime (1:00–2:00 p.m.) urban temperatures and district-scale (approximately 200–300 m) built environment factors, population density, greening coverage ratio, and artificial coverage ratio were all above 0.3, and the temperature was positively correlated with the population density and artificial coverage ratio and negatively correlated with green coverage ratio. This trend was more obvious in the results of 2:00 pm readings, and the r reached 0.4.




	(2)

	
Compared with Lin et al.’s results in 1999, the results of the analysis of the three district-scale built environment factors were consistent, and only the r decreased to 0.3–0.35. This may be due to the different analysis ranges of the built environment factors between the studies (1000 m in Lin et al.’s study, 200–300 m in this study). However, according to the analysis at the smaller scale, the 100 m-scale, artificial coverage ratio in this study, it was found that the r could be increased to 0.4–0.5. Therefore, in future analyses of data from block-scale UHI data obtained through the mobile observation method and built environment factors, the distance range of the built environment factors from measure points should be quantified, and the values could become representative. In other words, the block-scale UHI will be affected by the proximity of built environment factors, which is worthy of further research.









Although in this study, the total number of the population was used to determine city size, other physical (or spatial) factors should be considered as important factors to determine city size, such as population density (person/ha), land use, floor area ratio, and building height. Therefore, these factors are worthy of further research. In addition, these findings provide some insights regarding UHI mitigation. Because the influence of urban land use expansion is important in UHIs, the best way to decrease thermal environment deterioration from the land use expansion process and apply this solution to urban planning policies should be important issues in the development of modern cities, and should be addressed in future studies.
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Figure 1. Survey area, three routes, and the locations of 87 measurement points. 
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Figure 2. Spatial changes in the daytime UHI temperature from 1999 to 2018; (a) 16 August 1999 2:00 p.m. [25]; (b) 29 July 2018 2:00 p.m. (the present study). 
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Figure 3. Spatial changes of the midnight UHI temperature from 1999 to 2018. (a) 17 August 1999 2:00 a.m. [25]; (b) 31 July 2018 1:30 a.m. (the present study). 
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Figure 4. Increase rates of artificial areas between 2005 and 2014. 
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Figure 5. Distribution of population density by city districts. (a) Frequency distribution; (b) Spatial distribution. 
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Figure 6. Distribution of the green coverage ratio by city districts. (a) Frequency distribution; (b) Spatial distribution. 
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Figure 7. Distribution of the artificial area ratio. (a) District-scale frequency distribution; (b) District-scale spatial distribution; (c) 100 m-scale for each survey point spatial distribution (the building area ratio). 
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Table 1. Background weather conditions during the survey.
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Parameter

	
28 July 2018

	
29 July 2018




	
10

	
11

	
12

	
13

	
14

	
10

	
11

	
12

	
13

	
14




	
Temperature (°C)

	
32.3

	
32.5

	
33.8

	
34.0

	
34.0

	
33.0

	
33.5

	
34.1

	
35.0

	
34.8




	
Wind velocity (m/s)

	
2.1

	
0.9

	
1.1

	
2.0

	
3.1

	
1.4

	
1.3

	
2.5

	
1.6

	
4.6




	
Cloud cover (0–10)

	
6

	
8

	
7

	
7

	
7

	
3

	
3

	
3

	
3

	
6




	
Radiation (MJ/m2)

	
2.21

	
1.90

	
1.82

	
2.43

	
2.49

	
2.51

	
3.00

	
3.02

	
3.32

	
2.52




	
Rainfall (mm)

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
Parameter

	
30 July 2018

	
30 July 2018

	
31 July 2018




	
10

	
11

	
12

	
13

	
14

	
23

	
24

	
1

	
2




	
Temperature (°C)

	
32.8

	
33.1

	
33.5

	
34.7

	
34.7

	
28.7

	
28.4

	
28.1

	
27.1




	
Wind velocity (m/s)

	
0.8

	
3.0

	
1.7

	
3.7

	
4.2

	
1.1

	
0.7

	
0.9

	
0.4




	
Cloud cover (0–10)

	
4

	
4

	
6

	
2

	
2

	
–

	
–

	
–

	
–




	
Radiation (MJ/ m2)

	
2.66

	
2.73

	
2.32

	
3.11

	
3.00

	
0.0

	
0.0

	
0.0

	
0.0




	
Rainfall (mm)

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
Parameter

	
16 August 1999

	
16 August 1999

	
17 August 1999




	
10

	
11

	
12

	
13

	
14

	
23

	
24

	
1

	
2




	
Temperature (°C)

	
30

	
30.7

	
31.1

	
31.5

	
31.5

	
27.1

	
26.6

	
26.5

	
25.2




	
Wind velocity (m/s)

	
2.7

	
2.3

	
2.8

	
3.9

	
3.7

	
0.7

	
0.3

	
0.9

	
0.3




	
Cloud cover (0–10)

	
–

	
4

	
–

	
–

	
3

	
0

	
–

	
–

	
0




	
Radiation (MJ/m2)

	
1.70

	
2.34

	
2.34

	
2.23

	
1.87

	
0.0

	
0.0

	
0.0

	
0.0




	
Rainfall (mm)

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0
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Table 2. Comparison of the UHI measuring differences between the 1999 and 2018 studies.
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Year

	
(A) Measuring Method

	
(B) Measuring Time




	
Measuring Accuracy (A1)

	
Measuring Points (A2)

	
Measuring Period of Each Route (A3)

	
Date

(Radiation (MJ/m2)) (B1)

	
Period (B2)

	
Correction Point (B3)






	
1999

	
±0.5

	
208

	
1.5 h

	
Daytime

	
16 August (1.32)

	
12:00–14:00

	
14:00




	
Midnight

	
August 17 (1.32)

	
2:00–4:00

	
2:00




	
2018

	
±0.2

	
87

	
1 h

	
Daytime

	
July 28 (1.51)

July 29 (1.80)

	
13:30–14:30

	
14:00




	
Midnight

	
July 31 (1.80)

	
1:00–2:00

	
1:30
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Table 3. Summary of the UHI temperature difference between 1999 and 2018.
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UHI Difference between 1999 and 2018 (°C)

	
(A) Consideration of Climate Change Effects

	
(B) Consideration of the Solar Radiation Difference

	
Consideration of (A) + (B)




	
Deducting Global Warming (A1)

	
Deducting Global Warming in Taiwan (A2)

	
(A1) + B

	
(A2) + B




	
Period/Values

	
(−0.11)

	
(−0.23)

	
(Daytime: −0.97

Midnight: −1.22)






	
Daytime

	
∆Tmax

	
+3.5

	
+3.39

	
+3.27

	
+2.53

	
+2.42

	
+2.30




	
∆T min

	
+2.5

	
+2.39

	
+2.27

	
+1.53

	
+1.42

	
+1.30




	
Midnight

	
∆T max

	
+1.1

	
+0.99

	
+0.87

	
−0.12

	
−0.23

	
−0.35




	
∆T min

	
+2.1

	
+1.99

	
+1.87

	
+0.88

	
+0.77

	
+0.65
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Table 4. Results of linear regression analysis on 28 June 2019 daytime UHI temperature and the district-scale built environment factors (N = 84).
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Time

	
A.M. 11:00

	
12:00

	
P.M. 1:00

	
2:00






	
Population density

	
y = −9 × 10−5x + 34.714

	
y = −6 × 10−5x + 36.112

	
y = 0.0004x + 35.129

	
y = 0.0003x + 34.951




	
r = −0.10

	
r = −0.10

	
r= 0.36

	
r= 0.28




	
weak correlation

	
weak correlation

	
moderate correlation

	
weak correlation




	
Artificial area ratio

	
y = 0.4412x + 34.318

	
y =0.2061x+ 35.9075

	
y =0.9253x + 34.851

	
y = 1.3886x + 34.33




	
r =0.13

	
r = 0.08

	
r= 0.34

	
r= 0.42




	
weak correlation

	
weak correlation

	
moderate correlation

	
moderate correlation




	
Green area ratio

	
y = −0.4438x + 34.76

	
y =−0.2117x + 36.115

	
y =−0.9221x + 35.775

	
y = −1.3876x + 35.719




	
r = −0.10

	
r = −0.10

	
r=−0.35

	
r=−0.41




	
weak correlation

	
weak correlation

	
moderate correlation

	
moderate correlation
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Table 5. Results of the linear regression analysis on the 28 June 2018 daytime UHI temperature and 100 m-scale building coverage ratio (N = 87).
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Time

	
A.M. 11:00

	
12:00

	
P.M. 1:00

	
2:00






	
Chiayi City

	
y = 0.0073x + 34.303

	
y = −0.0077x + 36.335

	
y = 0.0189x + 34.71

	
y = 0.0146x + 34.9




	
r = 0.14

	
r = −0.17

	
r= 0.42

	
r = 0.26




	
weak correlation

	
weak correlation)

	
moderate correlation

	
weak correlation




	
Northern area

	
y = 0.0092x + 34.642

	
y = 0.0025x + 36.033

	
y = 0.0096x + 35.349

	
y = 0.0152x + 34.703




	
r = 0.14

	
r = 0.10

	
r = 0.33

	
r = 0.28




	
weak correlation

	
weak correlation

	
moderate correlation

	
weak correlation




	
Southern area

	
y = 0.0152x + 33.683

	
y = 0.0106x + 35.362

	
y = 0.019x + 34.681

	
y = 0.0262x + 34.341




	
r = 0.24

	
r = 0.32

	
r = 0.28

	
r = 0.39




	
weak correlation

	
moderate correlation

	
weak correlation

	
moderate correlation




	
Western area

	
y = −0.0057x + 34.697

	
y = −0.0294x + 37.204

	
y = 0.023x + 34.402

	
y = 0.0152x + 35.174




	
r = −0.14

	
r =−0.46

	
r= 0.58

	
r = 0.30




	
weak correlation

	
moderate correlation

	
highly correlated

	
moderate correlation
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Table 6. The r between UHI temperature and built environment factors in 1999 and 2018.
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Time

	
1999 [24,25]

	
2018 (the Present Study)




	
Daytime

	
Midnight

	
Daytime (2:00 p.m.)

	
Midnight (0:30 a.m.)






	
population density

	
r = 0.67

	
r = 0.60

	
r = 0.28

	
r = 0.27




	
highly correlated

	
highly correlated

	
moderate correlation

	
weak correlation




	
Artificial area ratio

	
r = 0.63

	
r = 0.52

	
r = 0.42

	
r = 0.27




	
highly correlated

	
highly correlated

	
moderate correlation

	
weak correlation




	
Green area ratio

	
r = −0.62

	
r = −0.60

	
r = −0.41

	
r = −0.28




	
highly correlated

	
highly correlated

	
moderate correlation

	
weak correlation
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