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Abstract

:

This study provides a decade-long link between summer heatstroke incidence and certain heat stress indices in 47 prefectures of Japan. The results for each prefecture were determined from the age-adjusted heatstroke incidence rate (TRadj) with heatstroke patients transported by ambulance, as well as from the daily maximum temperature (TEMPmax), maximum wet-bulb globe temperature (WBGTmax), and maximum universal thermal climate index (UTCImax) recorded from July to September of 2010–2019. The UTCImax relatively increased the vulnerability in many prefectures of northern Japan more distinctly than the other indices. In the following analysis, the ratio of the TRadj of the hottest to coolest months using the UTCImax was defined as the heatstroke risk of the hottest to coolest (HRHC). Overall, the HRHC varied approximately from 20 to 40 in many prefectures in the past decade. In contrast, for the same analysis performed in each month, HRHC ratios in July and August fell within 2–4 in many prefectures, whereas in September, the average and maximum HRHC ratios for all prefectures were 7.0 and 32.4, respectively. This difference can be related to the large difference in UTCImax between the maximum and minimum for a decade.






Keywords:


heatstroke risk; Japan 47 prefectures; summer heat stress; temperature; WBGT; UTCI












1. Introduction


Human health damage due to heatstroke is recognised as a worldwide issue resulting from global warming and urban heat islands. Between 2030 and 2050, climate change is expected to cause 250,000 additional deaths per year from malnutrition, malaria, diarrhoea, and heat stress [1]. Owing to the hot and humid summer climate in Japan, over 50,000 people suffering from heatstroke are transported by ambulance every year [2]. In particular, 95,137 heatstroke transports were recorded during the severe hot summer of 2018. Many studies have reported that heatstroke transport or fatalities can be related to temperature and heat indices for specific prefectures or cities in Japan [3,4,5,6,7,8,9,10,11]. Fujibe et al. [12] investigated the relationship between heatstroke mortality and temperature in all 47 prefectures of Japan from 1990 to 2014. Moreover, the number of Japanese heatstroke patients increased after 2010 due to an increase in the number of elderly people [13].



Not only the human microscale but country-scale analyses have also frequently used a comprehensive index, such as the modified discomfort index (MDI), the physiological equivalent temperature (PET), the wet-bulb globe temperature (WBGT), and the universal thermal climate index (UTCI) to evaluate heat-related illnesses around the world [14,15,16,17,18,19,20,21,22,23,24]. Napoli et al. [22] effectively used the UTCI to evaluate heat-related health risks covering the entire region of Europe in the summer, and identified the effect of heat stress in countries latitudinally as an important parameter. In Japan, humidity changes with latitude besides temperature possibly complicate the UTCI distributions. Willett and Sherwood [18] predicted a heat stress excess using the WBGT on a global scale (15 regions) due to the increase in absolute humidity in the future warming scenario.



As mentioned above, most studies investigating the relationship between heatstroke risk and heat stress indices in Japan were subjected to the human microscale, urban district scale, or regional scale in a city, except in the aforementioned Fujibe et al. [12,25]. However, specifications for a better indicator to assess heatstroke risk in 47 prefectures of Japan remain an issue. Moreover, this study aims to reveal whether Japanese heatstroke patients transported by ambulance in the last decade (2010–2019), prior to people’s behavioural change enforced by the infamous COVID-19 pandemic, relates to several heat stress indices in all 47 prefectures of Japan (Figure 1), characterised by different climates. Another novelty is that the differences in heatstroke risk between hot and cool summers, which are quantitatively related to heat stress indices in each prefecture, will be compared among prefectures. Understanding the change in heatstroke risk accompanying yearly climate difference is expected to be crucial, considering the risk threats once normalcy is achieved post-COVID-19 or for future climate change.




2. Materials and Methods


2.1. Heatstroke Transport Data


The monthly data of heatstroke patients transported by ambulance were aggregated by the Fire and Disaster Management Agency (FDMA) in the Japanese goverment office [26]. The FDMA has reported the monthly number of heatstroke patients transported by ambulance in 47 prefectures. Each prefecture dataset was classified into age groups: 0–6, 7–17, 18–64, and over 65 for July, August, and September in the summer season from 2010 to 2019.



For analyses in this study, the number of heatstroke transports for each age group was converted into the age-adjusted transport rate (TRadj) to eliminate yearly changes and differences in prefecture population based on age group by using


  T  R  a d j   =     ∑  k   (  M  R k  ·  P k   )      ∑  k   P k     



(1)




where k denotes the aforementioned separated age group number. MRk and Pk correspond to the transport rate and standard population for a specific age group k, respectively. The 2015 population age group structure was adopted as Pk: 8.1% for ages 0–6, 9.2% for 7–17, 56.0% for 18–64, and 26.7% for over 65, which was stated as recent typical age categories. The TRadj was calculated per 100,000 people in each prefecture.



In Figure 1, a location map of the 47 prefectures is shown with eight-region division used conventionally in Japan: Hokkaido, Tohoku, Kanto, Chubu, Kinki, Chugoku, Shikoku, and Kyushu regions. The prefecture names corresponding to the number are shown in Tables S1–S7.




2.2. Heat Stress Indices


In this study, the daily maximum temperature (TEMPmax), maximum WBGT (WBGTmax), and maximum UTCI (UTCImax) were used as potential heatstroke risk indicators. The WBGT is known as a heat stress index that is influenced by radiation and humidity besides temperature [27], which was developed to prevent summer heatstroke, and is often used worldwide to evaluate heatstroke risk in sports, daily routine, and work. Meanwhile, the UTCI is frequently used as a human thermal comfort index [28,29,30], which can be applied to assess a wide range of climate zones, from extremely cold to extremely hot conditions [31]. The UTCI index is totally calculated from the meteorological parameters (radiation, temperature, humidity, wind, etc.) and human thermophysiological model. Numerous studies conducted in various countries have confirmed the availability and robustness of both indices [18,32,33,34,35,36].
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Figure 1. The 47-prefecture map of Japan Island. Eight regions shown here are colour-coded. Prefectural names are listed in Tables S1–S7 with the prefectural number shown in this figure. 
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The TEMPmax, WBGTmax, and UTCImax indices in each prefecture were calculated from the primitive meteorological data measured by the Japan Meteorological Agency (JMA) observational sites that were published on the JMA website [37]. In particular, the UTCI value was calculated from these data using an approximate polynomial equation developed by Bröde et al. [31]. In contrast, the WBGT value was directly obtained from the observational data for each prefecture, which was available on the Japanese Ministry of the Environment (MOE) website [38]. For analysis, the daily TEMPmax, WBGTmax, and UTCImax were averaged as each monthly value from July to September in the hot season, for the same period as the TRadj analysis. There were many observational sites in each prefecture; for the analysis we chose a site located in the most-populated city of a prefecture, because heatstroke patients are expected to be naturally concentrated there due to high population.





3. Results and Discussion


3.1. Decade Distributions in 47-Prefecture Scale


As a preview of the long-term mean appearance, Figure 2 shows the decade-old projections of heatstroke incidence (TRadj) and heat stress indices (TEMPmax, WBGTmax, and UTCImax) aggregated for three months in 47 prefectures. The value of TRadj increased southward or westward in Japan (Figure 2a), with a particularly high incidence in Kyoto (26 in Figure 1) and Wakayama (32) in the Kinki region, Tottori (31) and Okayama (33) in the Chugoku region, and Kumamoto (43) and Kagoshima (46) in the Kyushu region. Eight of the top ten prefectures corresponded to the regions of Kinki and westward. In addition, the values of the three indices were higher southward or westward of Japan (Figure 2b–d). For TEMPmax, WBGTmax, and UTCImax, seven, ten, and eight prefectures among the top ten belonged to the regions of Kinki and westward, with values ranging from 31.5 to 32.1 °C, 28.6 to 30.1 °C, and 39.5 to 40.2 °C, respectively. These ranges in the WBGT and UTCI correspond to ‘very hot or danger’ (28–31 °C) and ‘very strong heat stress’ (38–46 °C), respectively [39,40]. This indicates the significant increase in heatstroke risk in spite of the three-month (July–September) average of the daily maximum value; as the UTCI can be regarded as a ‘feels like’ temperature, residents were exposed to dangerous conditions in the summer climate in many prefectures of western Japan.



Although quantitative relationships between TRadj and the three indices indicated a positive correlation (Figure 3), the third-order regression curve was the best fit for UTCImax. Fujibe et al. [25] also analysed the relationship between TEMPmax (for July and August) and TRadj from 2008 to 2018 and found a positive linear relationship, if Hokkaido (1) and Okinawa (47) were excluded. The UTCImax was strongly correlated with TEMPmax (r = 0.96; p < 0.01). Hence, when discussing heatstroke risk in each prefecture as far as decade averaging feature, TEMPmax can be used as an indicator for year-to-year scales, alternative to WBGTmax and UTCImax. This feature results from the fact that Japanese climatological conditions (without humidity) are significantly characterised by latitude. As mentioned in the introduction, the importance of latitude on the heat stress index has been reported in large continents such as Europe [22]. Notably, the values of heat stress indices depend on latitude even if an island country is distributed in a north–south direction such as Japan.




3.2. Vulnerability to Heat Stress Conditions


Here, the monthly heatstroke incidences and heat stress indices every year (i.e., 30 months) were analysed for each prefecture. Figure 4 demonstrates the correspondence between the monthly TRadj and the monthly heat stress indices (here, TEMPmax and UTCImax) for a decade. Each dot in the graph represents a particular month in a particular year. For example, the results for the seven prefectures are shown in this figure: Hokkaido (1), Miyagi (4), Tokyo (13), Aichi (23), Osaka (27), Hiroshima (34), and Fukuoka (40), which have regions in cities that are densely populated. The logarithmic axis for TRadj in the figure and a linear relation of TRadj to heat stress indices (TEMPmax and UTCImax in the figure) indicates that TRadj of a specific prefecture exponentially increases with monthly heat stress index values.


  y = a  e  b x    



(2)




where x and y are the values of the heat stress index and TRadj, respectively. This feature appeared in all prefectures, with an exponential regression curve having a high coefficient of determination (R2). Hence, the slope of the regression line corresponds to the degree of rapid increase (i.e., heatstroke response) of TRadj to heat stress increase, which is represented by the constant b of the exponential part in Equation (2), characterising the heat stress vulnerability of the prefectural residences; a prefecture with a high value of b suggests that TRadj increases rapidly with an increase in the heat stress index.



In Figure 5, the values of constant b (vulnerability) in Equation (2) for the mapped 47 prefectures are exhibited for TEMPmax, WBGTmax, and UTCImax. Fujibe et al. [12] performed a similar analysis for heatstroke mortality for three roughly divided regions in Japan. The average range of b for 47 prefectures in each figure is indicated in white. For the vulnerability estimated from the TEMPmax (Figure 5a), five prefectures in the top ten corresponded to the regions of Chubu and east or northward, which was different from the result indicated in Figure 2b. Among these prefectures, the three (Hokkaido (1), Akita (5), and Niigata (15)) in northern Japan also showed high vulnerability. Moreover, prefectures with low TEMPmax values averaged over a decade (Figure 2) showed high vulnerability (b). This result suggests a high-temperature vulnerability of prefectural residents living in cool climates to heat wave exposure. The geographical distribution of vulnerability represented by the WBGTmax (Figure 5b) was seemingly different from that of TEMPmax; very high vulnerability was concentrated in the regions of Kinki and westward, which was found in three (Kagawa (37), Ehime (38), and Kochi (39)) of the four prefectures constructing the Shikoku region. However, the UTCImax (Figure 5c) relatively increased the vulnerability in many prefectures of northern Japan more distinctly than the other indices, despite showing a similar trend to TEMPmax as demonstrated in Figure 5a. These results suggest that the vulnerability distributions in 47 prefectures of Japan depend on the type of index applied.




3.3. Heatstroke Risk of Hot to Cool Months


The difference in TRadj between hot and cool months was quantitatively investigated here. This evaluation will provide a perspective of future heatwave encounters and predictions of the heatstroke risk. The heat stress index values recorded in the coolest and hottest months are summarised in Tables S1–S7, which correspond to the lower-left and upper-right plots in a specific prefecture in Figure 4. This study defined the ratio of heatstroke risk during hot to cool months (HRHC) over the last decade in Japan. Thus, the HRHC was calculated by dividing the TRadj recorded in the hottest month by that in the coolest month for each prefecture (Figure 6). Here, UTCImax was chosen as an indicator of ‘cool’ or ‘hot’ because of the importance of comprehensive meteorological exposure to human heat stress [30,31].



Figure 6 reveals a large difference between the coolest and hottest months in all prefectures: the TRadj ranged from 0.23 to 4.29 and 9.65 to 38.42 (per 100,000 people) for the coolest and hottest months, respectively. Consequently, the HRHC ratio was approximately 20–40 in many prefectures but exceeded 100 in a few prefectures. In this analysis, August appeared to be the hottest month of the three months, whereas September was the coolest of the three months in all prefectures, which was influenced by a seasonal climate transition. Extreme climates that occurred over the total 30 months in the decade should be discerned as an outlier by a rare occurrence. Therefore, outliers in each prefecture were detected using a robust Z-score [41,42],


  Z =    x i  −  x  m e d     N I Q R    



(3)







Here, xi and xmed indicate UTCImax or TRadj in the i-th month of 30 months and the median of UTCImax or TRadj for 30 months in a specific prefecture, respectively. The NIRQ in Equation (3) is a normalised interquartile range of UTCImax or TRadj for 30 months. When the outlier of UTCImax or TRadj is assumed as the absolute value of Z greater than 3.0 [43,44], outliers of UTCImax were absent in the prefectures and outliers of TRadj were detected in July 2018 in 13 prefectures. However, these outliers of TRadj did not correspond to the hottest or coolest month of the decade.



The HRHC, shown in Figure 6, is divided into each month from July to September, as shown in Figure 7. In July, the HRHC ratio was approximately 2–4 in many prefectures, which means that the heatstroke risk in the hottest July year was 2–4 times higher than that in the coolest July year. However, the HRHC for Kinki and eastward regions appeared at approximately four, whereas Chugoku and westward regions were comparatively low at approximately two. In August, although the HRHC ratio was 2–4 in many prefectures, those in Kinki and eastward regions were relatively low compared to July, except for three Tohoku prefectures (Aomori (2), Iwate (3), and Miyagi (4)). In contrast, the September HRHC was higher than that in July and August in most prefectures, with an average value of 7.0, and a maximum of 32.4. In particular, high-risk appearances in the Chubu and Shikoku regions were remarkable, accompanied by extreme values in Niigata (15) and Kagawa (37). Thus, the geographical heterogeneity of the September HRHC in Japan tended to be large compared to that of the previous months.



Several studies have reported a significant increase in heatstroke patients in early summer (June to July) in Japan due to heat vulnerability without acclimatisation [11,45]. The result of Figure 7 provides valuable information for children and the elderly, who are especially vulnerable to hot environments. Figure 8 relates the monthly HRHC to the difference in UTCImax, which is summarised by using percentiles for the results of the 47 prefectures (i.e., Figure 7). In July, the monthly difference in UTCImax between the maximum and minimum for a decade was in the same range as August (for 25 and 75 percentiles, 2.7–3.4 °C in July and 2.7–3.8 °C in August, respectively). However, the corresponding HRHC ratio in July was higher than that in August, with the 25 and 75 percentiles of 2.3–3.9 and 2.0–3.2, respectively. This higher HRHC in July can be attributed to the previously mentioned heat vulnerability in early summer. In contrast, the September HRHC was the highest (4.2–7.4 for the 25 and 75 percentiles), as also indicated in Figure 8. The results indicate that the largest difference in September UTCImax between the maximum and minimum (3.0–3.9 °C for the 25 and 75 percentiles) induced the highest HRHC ratio of the three months. This results from the fact that the minimum values (averaged monthly) of UTCImax in July and August corresponded to a level of ‘very strong heat stress’ (38–46 °C) for most months and prefectures, while those in September were included at the level of ‘strong heat stress’ (32–38 °C). In particular, a year encountering the coolest September can be regarded as an autumn-like climate.



From the further analysis of FDMA data [2], Japanese heatstroke patients of 8388, 43,060, and 7085 in July, August, and September were transported in 2020, while in 2019 those of 16,431, 36,755, and 9532 occurred. Despite the pandemic year of COVID-19, the heatstroke patients in August 2020 largely exceeded those prior. Because the public data of weekly floating population [46] indicated a decrease of 16–23% nationwide in August 2020 relative to August 2019, outdoor human activities in Japan were lower in August, 2020. In fact, the heatstroke incidence in 2020 increased in the house (38.6% in 2019 to 43.4% in 2020 of the entire incidence) and decreased in outdoors (12.5 to 9.4%) [47]. This result suggests that indoor activities remain at risk of heatstroke.





4. Conclusions


This study provided a decade-long relationship between summer heatstroke incidence and certain heat stress indices in 47 prefectures of Japan. The results were determined using heatstroke patients transported via ambulance, the daily maximum temperature (TEMPmax), maximum WBGT (WBGTmax), and maximum UTCI (UTCImax) for each prefecture (all 47 prefectures) from July to September of 2010–2019. The main results are summarised by three different analyses.



 



	(1)

	
Analysed results obtained from the decade averaging preview.







The age-adjusted heatstroke incidence rate (TRadj) in a specific prefecture increased with higher heat stress indices, which was induced by the climate characteristics of Japan. For evaluating the long-term average, the TEMPmax was sufficient to represent TRadj instead of the WBGT and UTCI indices that required multiple climatological parameters. This result is probably attributed to the fact that the Japanese climate conditions (without humidity) significantly depend on latitude. Hence, latitudinally distributed countries similar to Japan can choose temperature as the primitive parameter to assess heatstroke risk for long-term mean appearance.



 



	(2)

	
Analysed results obtained from monthly averaging—heat vulnerability.







The response of TRadj to the heat stress indices in each prefecture was defined as resident vulnerability to the heat environment, which depended on the choice of index. TEMPmax and UTCImax detected strong vulnerability in the northern prefectures of Japan. In particular, the UTCImax relatively increased the vulnerability in many prefectures of northern Japan more distinctly than the other indices, despite a similar trend observed in the result of TEMPmax.



 



	(3)

	
Analysed results obtained from monthly averaging—heatstroke risk.







The ratio of TRadj of the hottest to the coolest months for a decade was defined as the HRHC, using the UTCImax. For the three months analysed, the HRHC ratio was approximately 20–40 in many prefectures but exceeded 100 in a few prefectures. Such a large HRHC was induced by seasonal proceedings from July to September. In fact, for the same analysis conducted each month, the HRHC in July and August was approximately 2–4 in many prefectures, whereas in September, the average HRHC for prefectures was 7.0, and a maximum of 32.4 was observed for all prefectures. This difference can be related to the large difference in UTCImax between the maximum and minimum for a decade.



 



This study revealed that the difference in the heat level of yearly summer climate induced the significant difference of heatstroke risk by year and prefecture. The UTCI can also be a useful indicator to evaluate the heatstroke risk in Japan. If social normalcy of human behaviour returns after the COVID-19 pandemic, the future of global warming progresses, and elderly people are vulnerable to the heat increase, the HRHCs will be greater than those of 2010–2019 estimated in this study.
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Figure 2. Preview maps of (a) TRadj, (b) TEMPmax, (c) WBGTmax, and (d) UTCImax aggregated for the hot season from July to September in 2010–2019. The TRadj averaged the accumulated value for three months per year, while the TEMPmax, WBGTmax, and UTCImax averaged the mean value for the three months per year. 
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Figure 3. Relationship between TRadj and (a) TEMPmax, (b) WBGTmax, and (c) UTCImax in the 47 pre Figure 2. The dashed line indicates a third-order regression curve with a coefficient of determination (R2). Colours in the mark correspond to those of the region shown in Figure 1. 
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Figure 4. Relationship between TRadj and (a) TEMPmax and (b) UTCImax for the hot season from July to September in 2010–2019. Seven prefectures here have cities with million population in each region. The TRadj is a monthly value for each year, while the TEMPmax, WBGTmax, and UTCImax are the monthly averaged value for each month in each year. TRadj is represented as a logarithmic axis. The solid line indicates a regression line with a coefficient of determination (R2). 
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Figure 5. 47 prefecture maps of constant b (vulnerability) in Equation (2), obtained from using (a) TEMPmax, (b) WBGTmax, and (c) UTCImax, with result for the hot season from July to September in 2010–2019. The maximum, average, and minimum b values of the 47 prefectures are also listed in the bottom of map. 
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Figure 6. Respective TRadj (bars) in the maximum and minimum months of UTCImax and its ratio (HRHC; line with circles) of the maximum to minimum in the 47 prefectures, with result for the hot season from July to September in 2010–2019. 
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Figure 7. Monthly ratio in TRadj of the maximum UTCImax to the minimum (HRHC), which is divided by each month for Figure 6, with result for 2010–2019 in the 47 prefectures. The maximum, average, and minimum HRHC of the 47 prefectures are also listed in the upper portion of the graph. 
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Figure 8. Relationship between the monthly ratio in TRadj of the maximum UTCImax to the minimum (HRHC) and the monthly difference in UTCImax between the maximum and minimum in the decade. The 25, 50, and 75 percentiles (numerals) for results in the 47 prefectures are depicted for each month. 
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