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Abstract:



The Tokyo 2020 Olympic Games will be held in July and August. As these are the hottest months in Tokyo, the risk of heat stress to athletes and spectators in outdoor sporting events is a serious concern. This study focuses on the marathon races, which are held outside for a prolonged time, and evaluates the potential heat stress of marathon runners using the COMFA (COMfort FormulA) Human Heat Balance (HBB) Model. The study applies a four-step procedure: (a) measure the thermal environment along the marathon course; (b) estimate heat stress on runners by applying COMFA; (c) identify locations where runners may be exposed to extreme heat stress; and (d) discuss measures to mitigate the heat stress on runners. On clear sunny days, the entire course is rated as ‘dangerous’ or ‘extremely dangerous’, and within the latter half of the course, there is a 10-km portion where values continuously exceed the extremely dangerous level. Findings illustrate which stretches have the highest need for mitigation measures, such as starting the race one hour earlier, allowing runners to run in the shade of buildings or making use of urban greenery including expanding the tree canopy.
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1. Introduction


Heat stress from summer heat is expected to be a significant issue at the 2020 Tokyo Olympics [1]. In recent years, temperatures have risen in the world’s major cities due to both climate change and the urban heat island effect, as caused by the increased longwave radiation from road and building surfaces [2]. These factors have led to an intensification of health hazards posed by heat stress [3,4]. In addition, as Tokyo is located in a temperate zone and has a humid climate, its summers are hot and humid; the Tokyo Olympics are scheduled to be held in July and August in central Tokyo, where the average maximum daily temperature reaches above 30 °C and the average relative humidity reaches over 70%. Consequently, the summer heat and humidity are expected to exert tremendous heat stress on the human body [5,6,7], and it is estimated to have the poorest conditions among any previous host cities [8,9].



In the outdoor sporting events, heat is expected to impact athletic ability. Of the Olympic events that are held outdoors, marathons require participants to engage in 2–3 h of physical activity in summer heat; hence, there is a greater chance for negative impacts to the athletes, particularly if less prepared and/or acclimatized. When holding marathons within dense and heterogonous cities, it is necessary to account for the microclimate conditions occurring in urban areas [10,11,12]. Here, we focus on the conditions on the marathon course and formulate strategies to combat heat stress, such as decreasing solar and longwave radiation by shading with buildings, trees and shrubs [13].



Previous studies investigated the response of marathon runners under serious thermal conditions. Helou et al. [14] studied six marathons in Europe and the United States and found a negative correlation with runners’ performance and air temperature, humidity and air pollution. Solar radiation also causes a progressive drop in runners’ comfort perception [15], endurance and time to exhaustion [16].



In a study targeting the marathon competition of the Tokyo Olympic Games, Yamazaki et al. [17] assessed the thermal environment on the marathon course using stationary data from the Japan Meteorological Agency. Kashimura et al. [18] measured the thermal environment on the marathon course over three days with a Wet-Bulb Globe Temperature (WBGT) index meter. However, these studies only investigated thermal conditions and did not assess the potential negative effects of high metabolic activities. Because marathon runners continuously perform intense exercise, the high metabolism increases the heat loads on the human body. Therefore, it is necessary to consider these factors to estimate the risks of heat illness for marathon runners.



This study quantifies the thermal comfort and potential heat stress of marathon runners during the 2020 Tokyo Olympic marathon, including human metabolic rate, using the COMFA (COMfort FormulA) human heat budget model [19,20,21], and proposes strategies for improving microclimate conditions on the marathon course to mitigate the heat load and hence the potential heat stress to runners.




2. Methods


2.1. Study Area


This study focuses on the scheduled marathon course for the 2020 Tokyo Olympics (see Figure 1). Runners will start the marathon at the New National Stadium, then pass the Imperial Palace Square, Tokyo Tower, Ginza district and other landmarks in Central Tokyo. They will then reach a turning point at Asakusa, the heart of the old downtown district, where they will double back along the racecourse, finishing the race at the New National Stadium.


Figure 1. Proposed marathon course for the 2020 Tokyo Olympics.
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2.2. Research Methodology


2.1.1. Thermal Environment Measurements along the Marathon Course


Cars and bicycles equipped with weather observation instruments made return trips along the planned marathon course to measure heat conditions along the marathon route. Measurements were conducted in the left-hand traffic lane because runners must run in the left-hand traffic lane in principle, according to the Japan Association of Athletics Federations. This study measured five meteorological elements: air temperature, humidity, solar radiation, road surface temperature and wind speed using the sensors shown in Figure 2. Table 1 provides a list of the weather observation instruments used in this study. POTEKA is a compact weather observation instrument developed by Meisei Electric Co., Ltd. (Isesaki, Japan) that measures temperature, humidity, solar radiation and wind speed. Surface temperature data were collected by infrared camera, Thermo GEAR G100 (Nippon Avionics Co., Ltd., Shinagawa, Japan). These meteorological elements were linked to ground position using an eTrex 30 GPS (Garmin Ltd., Olathe, USA).


Figure 2. Vehicle and bicycle equipped with weather observation instruments.
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Table 1. Summary of mobile meteorological data collection. Meteorological instruments and the accuracy of each use for the mobile data collection. All were measured from an ~1.5-m height apart from the surface temperature.





	Instrument
	Parameter
	Model
	Accuracy
	Interval





	Thermometer
	Air Temperature (°C)
	POTEKA
	±0.3 °C
	1 s



	Hygrometer
	Relative Humidity (%)
	POTEKA
	±5%
	1 s



	Pyrometer
	Solar Radiation (W/m2)
	POTEKA
	±10%
	1 s



	Surface thermometer
	Surface Temperature (°C)
	ThermoGEAR G100
	±2 °C
	3 s



	Anemometer
	Wind + Activity Speed (m/s)
	POTEKA
	±1.0 m/s
	1 s



	GPS
	Latitude and Longitude
	eTrex30
	3 to 6 m
	1 s









As shown by d’Ambrosio Alfano et al. (2007), d’Ambrosio Alfano et al. (2013) and Palella et al. (2016), the use of instruments with higher quality provides more accurate and precise results [22,23,24]; however, among various requirements for the instruments for the given study, the compactness was crucial for the mobile monitoring setups and because the measurements had to be conducted along roads with busy traffic in the 2–3 h morning marathon window. Larger instruments with higher accuracy were not compact enough to be placed on bicycles. The POTEKA, whose accuracy is certified by the Meteorological Agency of Japan, is the best instrument to balance the conflicting requirements of compactness and accuracy.



As shown in Table 2, the measurements were taken for nine days in the summer of 2016, starting at the marathon’s scheduled starting time of 7:30 a.m., and for two days starting at 6:30 a.m., one hour earlier than the scheduled start time, for a total of 11 days of measurements. The measurements were taken under a variety of weather conditions: seven clear sunny and four overcast cloudy days. The hottest day was August 9, when the temperature reached a high of 37.9 °C. Furthermore, August 9, 2016 was the hottest day of the year and is the day of the men’s marathon during the 2020 Tokyo Olympics. The average high on sunny days was 33.4 °C and on cloudy days was 29.2 °C. According to observational data from the Meteorological Agency, the average temperature, humidity and sunshine hours in 2016 matched the climate norms.


Table 2. List of measurement days, time of measurement and sky conditions.





	Date
	Time
	Sky Condition





	Jul 29, 2016
	7:30–10:29
	sunny



	Aug 5, 2016
	7:30–10:30
	sunny



	Aug 6, 2016
	7:30–10:31
	sunny



	Aug 9, 2016
	7:30–10:33
	sunny



	Aug 11, 2016
	7:30–9:57
	cloudy



	Aug 12, 2016
	7:30–10:15
	cloudy



	Aug 13, 2016
	7:30–10:16
	sunny



	Aug 14, 2016
	7:30–10:10
	cloudy



	Aug 23, 2016
	6:30–9:20
	cloudy



	Aug 25, 2016
	6:30–9:25
	sunny



	Aug 26, 2016
	7:30–10:25
	sunny









Additionally, to ascertain the degree of heat stress risk during a marathon held in the summer in Tokyo, a “worst-case scenario” (representing the potentially warmest environment) and “best-case scenario” (representing the potentially coolest environment) were hypothetically created to supplement the day-by-day data. To create each scenario, the highest and lowest values of each climate factor, excluding solar radiation, were selected from the nine measurement days and synthesized as the data for each scenario. When synthesizing the data, the absolute humidity was calculated with the relative humidity and temperature on the wettest/driest day, and the hypothetical relative humidity was then re-calculated according to the temperature of the warmest/coolest day. Because solar radiation is affected by cloudiness, the highest and lowest values in each section throughout the nine measurement days were used as the data for each scenario.




2.1.2. Estimated Heat Balance of Runners: Application of the COMFA Human Heat Balance Model


Using the measured data, the heat load exerted on the runners from the environment along the marathon route was calculated using the COMFA human heat balance model for each day and scenario. The wind speed was first corrected using the two steps provided in Tokura et al. [25]. First, the stationary wind speed was calculated by subtracting the moving speed of the vehicle or bicycle from the field-measured speed. The moving speed was calculated by positional data of GPS. Second, the wind speed felt by runners (or the relative wind velocity) was calculated by taking the square root of the sum of the squares of the stationary wind speed and runners’ average race speed (20 km/h), as in ISO (2007) [26].



To better visualize the distribution of the estimated heat stress along the route, the results for each meteorological factor in the measurement data were divided into 100-m sections; the data recorded in each section for each factor were then averaged and rendered as representative values used in the analysis along the race route.



The COMFA model combines climate factors of temperature, humidity, wind and radiation, with the personal factors of metabolic rate and clothing insulation to estimate thermal comfort and potential heat stress [27,28,29]. The model defines the energy budget in W m−2 as follows:
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(1)




where B is the net energy budget, M is metabolic heat production, Rabs is the absorbed radiation by a cylindrical human, C is convective heat loss, E is evaporative heat loss (sum of insensible and sensible heat losses [29]) and Lemit is the emitted longwave radiation by a human. All fluxes in Equation (1) are in W m−2.



The runners were estimated to have a low clothing insulation (Icl) value of 0.1 clo (~18.6 s m−1) based on minimal, thin and low insulation running uniforms and a high amount of exposed skin. We used the sum of the clo values for the individual garments (i.e., [image: ] from ISO (2007) based on panties/briefs (0.03 clo) and tank top (0.07 clo).



The COMFA model accounts for the activity of the athlete [20] when calculating thermal comfort and heat stress; however, we are not able to account for inter-individual variability in the current study. An average metabolism of ~700 W m−2 was determined by allowing for energy to be converted to mechanical work during running, where the net gain from metabolism, M, is 0.8Mtotal + 0.2Mrest [30], where Mrest is 1 MET (58 W m−2) and Mtotal is based on running at an average speed of 18 km h−1 for an elite runner, or 14.5 METs [31]. The influence of an increased relative wind velocity of the runner to promote cooling via decreased resistance to vapor and heat transfer from higher wind is also determined by the COMFA model (see [21,28,32]).



The absorbed radiation was determined from the combined influence of short- and long-wave radiation experienced by a human, based on an effective area of 0.78 for a standing human and average surface (Acyl), using the following equation.


[image: ]



(2)




where Kin(abs) and Kup(abs) are the absorbed solar radiation from the sky and ground, respectively, while La(abs) and Lg(abs) are the incoming and outgoing longwave radiation, respectively. The full detailed methods are found in Hardin and Vanos (2017) and Kenny (2008) [33,34]. Below, we outline any changes made from studies [21,28,32] for the given study. The outgoing longwave (Lout) radiation was determined from the measured ground temperature and the use of the Stephan–Boltzmann equation. Incoming longwave radiation (Lin) was determined based on the summation of infrared energy from the sky or from the buildings. To determine the portion of the sky visible in the upper 180° hemisphere (Sky View Factor (SVF)) in each location, we acquired images via Google Street View and used an SVF calculation methodology by Middel et al. [35,36,37]. Ninety-degree field of view images were retrieved in four cardinal directions and upwards for all Street View locations that are part of the race course [36]. The images were then segmented into sky versus non-sky pixels using a convolutional neural network [37] and converted into hemispherical fisheye views using equiangular projection. Finally, the SVF value (0–1) was calculated using the modified Steyn method [35].



The absorbed Lin (Lin(abs)) was determined based on the SVF weighting of the longwave emitted from objects in the sky hemisphere (Lo) and longwave from the sky (La), as follows:
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(3)
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(4)
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(5)







Equation (2) is based on Monteith and Unsworth (2008) [38], and the To is the temperature of objects in the sky hemisphere, estimated from vertical surface temperature data using an infrared camera (Nippon Avionics, ThermoGear G100, Shinagawa, Japan).



Finally, as per Harlan [39], the calculated human energy budgets were classified into four stages: >340 W m−2 are extremely dangerous; 200–340 W m−2 are dangerous; 120–200 W m−2 are caution; and <120 W m−2 are safe.



Convective heat losses were calculated based on a heat flux rate, determined based on the temperature gradient between the skin and air, divided by the resistances (s m−1) to the flow of energy from one surface to the other:
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(6)




where ρCp is the volumetric heat capacity of air, Tsk is the skin temperature [21,40], rc is the clothing resistance (s m−1) and ra is the boundary air resistance (s m−1) [28].



The evaporative heat loss (E, W m−2) was determined as follows:
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(7)




where qsk and qa are the specific humidity (kg of water vapor per kg of moist air) at Tsk and Ta, ρ is the density of air (kg m−3), Lv is the latent heat of vaporization (J g−1), rcv is the clothing vapor resistance (s m−1) and rav is the aerodynamic vapor resistance (s m−1). Vapor resistance calculations can be found in [20,27]. The skin wettedness (w) is calculated as [41]:
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(8)




where Emax is the maximum amount of evaporative heat loss from the skin (controlled by environmental parameters) (W m−2), calculated as in Equation (7), while holding w at saturation.




2.1.3. Identifying Hot Locations along the Marathon Course


The calculated human energy budget was mapped using ArcGIS 10.2, graphed and visualized to identify locations on the marathon route where runners may be subjected to heat stress. This study primarily examined the results of four cases: August 9, the hottest day of the year in 2016 and the day the men’s marathon will be held during the 2020 Tokyo Olympics, the worst-case scenario, the best-case scenario and August 25, a clear, sunny day when measurements were taken one hour early. In addition, the calculated results for each day and each of the two scenarios were compared to estimate the expected degree of heat stress risk during the Tokyo marathons in 2020 and identify locations with high heat loads that lead to poor thermal comfort and heat stress.



The model is not a heat strain model (which refers to the effects on body physiology, such as core temperature or sweat rate leading to heat stroke) that occur due to overall heat loads. Rather, the model focuses on conditions that increase body temperature, including heat loads from physical exertion, ambient temperature and environmental factors (i.e., leading to heat stress) [42]. The COMFA model is a rational model, which is more complex than direct models (such as the Wet-Bulb Globe Temperature) because rational models allow one to change clothing, metabolism, height, weight, etc., internally within the model, which is not possible with direct approaches like the WBGT, humidex or the heat index [43].




2.1.4. Approaches to Mitigate Heat Stress


Based on the locations rated as dangerous for each day and scenario, this study investigated the feasibility of possible methods to mitigate heat stress on the runners, such as by changing the route to increase shade and expanding the tree canopy along the marathon route, greening and the installation of sunshades.






3. Results


3.1. Mean and Standard Deviation of Meteorological Variables


Table 3 shows the average and standard deviation of measurements for all dates and scenarios. When the air temperature exceeds 30 °C, the value rises rapidly from the start of measurement, and the standard deviation is large on many sunny days. In contrast, on cloudy days, the temperature did not reach 30 °C, and the standard deviation was small. Relative humidity was >60% on the majority of days. However, the humidity was lower on August 9 (average of 27%), as the temperature was the highest. The wind speed was nearly constant across all measurement dates. Regarding solar radiation, the maximum value was approximately 1000 W m−2 on all sunny days, yet the average value and standard deviation varied. On days with clouds, there were greater variations in standard deviation, maximum and average values of solar radiation. A positive association was found between solar radiation and road surface temperature.


Table 3. Mean and standard deviation (SD) of meteorological variables for each day and scenario.





	
Day or Scenario

	
Ta (°C)

	
RH (%)

	
Wind Speed

	
Solar Radiation

	
Road Surface Temperature




	
(m s−1)

	
(W m−2)

	
(°C)






	
29 July

	
Mean ± SD

	
29.3 ± 1.26

	
58.9 ±4.59

	
2.0 ± 0.79

	
427.5 ± 317.76

	
35.3 ± 5.64




	

	
Range

	
27.0–32.8

	
49.1–66.4

	
0.5–4.4

	
46.9–1024.1

	
27.5–49.5




	
5 August

	
Mean ± SD

	
30.8 ±1.27

	
58.2 ± 4.65

	
2.0 ± 0.82

	
281.1 ± 215.59

	
36.4 ± 4.43




	

	
Range

	
28.7–33.9

	
48.1–65.6

	
0.5–5.7

	
51.7–1052.8

	
29.8–51.4




	
6 August

	
Mean ± SD

	
30.6 ±1.08

	
62.2 ± 3.35

	
1.9 ± 0.69

	
349.8 ± 238.76

	
37.7 ± 4.31




	

	
Range

	
28.2–32.7

	
55.5–69.8

	
0.7–4.5

	
56.1–999.6

	
30.9–49.0




	
9 August

	
Mean ± SD

	
34.3 ± 1.82

	
37.0 ± 5.87

	
2.0 ± 0.88

	
350.8 ± 249.13

	
38.6 ± 5.06




	

	
Range

	
29.6–37.6

	
29.5–50.3

	
0.6–8.3

	
43.2–949.1

	
27.8–54.8




	
11 August

	
Mean ± SD

	
28.2 ± 0.45

	
46.2 ± 1.86

	
1.9 ± 1.19

	
125.7 ± 95.83

	
33.4 ± 1.66




	

	
Range

	
27.1–29.5

	
42.9–51.2

	
0.4–10.4

	
28.3–375.4

	
30.5–39.4




	
12 August

	
Mean± SD

	
27.3 ± 0.82

	
59.0 ± 4.41

	
1.7 ± 0.87

	
231.7 ± 83.16

	
34.2 ± 2.24




	

	
Range

	
25.9–29.2

	
49.7–64.6

	
0.4–10.3

	
94.4–450.0

	
29.9–40.6




	
13 August

	
Mean ± SD

	
27.8 ± 0.90

	
53.5 ± 3.32

	
1.7 ± 0.82

	
347.4 ± 193.51

	
36.1 ± 4.05




	

	
Range

	
26.3–30.0

	
48.3–59.9

	
0.3–6.0

	
60.3–1066.4

	
29.5–50.4




	
14 August

	
Mean ± SD

	
26.3 ± 0.85

	
54.8 ± 3.19

	
1.7 ± 0.87

	
253.4 ± 119.17

	
34.3 ± 3.04




	

	
Range

	
24.7–28.2

	
49.1–59.9

	
0.4–10.7

	
61.3–727.8

	
29.0–43.9




	
23 August

	
Mean ± SD

	
27.8 ± 0.96

	
69.0 ± 3.79

	
1.9 ± 0.78

	
101.4 ± 70.31

	
27.7 ± 1.61




	

	
Range

	
26.0–29.5

	
62.2–75.2

	
0.5–5.0

	
12.7–399.4

	
25.1–32.3




	
25 August

	
Mean ± SD

	
29.0 ± 1.07

	
61.0 ± 4.88

	
2.0 ± 0.67

	
203.0 ± 190.22

	
31.0 ± 4.15




	

	
Range

	
26.9–31.6

	
50.4–70.1

	
0.5–5.4

	
14.6–824.0

	
25.4–45.3




	
26 August

	
Mean ± SD

	
30.1 ± 1.09

	
57.3 ± 3.55

	
2.0 ± 0.73

	
311.9 ± 227.17

	
35.5 ± 5.00




	

	
Range

	
27.4–32.6

	
51.0–65.8

	
0.6–5.1

	
27.3–1015.9

	
27.7–50.4




	
Worst

	
Reference day

	
August 9

	
August 5

	
August 5

	
Max of each section

	
August 9




	

	
Mean ± SD

	
34.3 ± 1.82

	
47.4 ± 5.55

	
2.0 ± 0.82

	
514.4 ± 276.26

	
38.6 ± 5.06




	

	
Range

	
29.6–37.6

	
38.5–62.1

	
0.5–5.7

	
109.8–1066.4

	
27.8–54.8




	
Best

	
Reference day

	
August 14

	
August 11

	
August 13

	
Min of each section

	
August 11




	

	
Mean ± SD

	
26.3 ± 0.85

	
51.8 ± 3.35

	
2.0 ± 0.88

	
97.5 ± 62.94

	
33.4 ± 1.66




	

	
Range

	
24.7–28.2

	
45.6–59.6

	
0.6–8.3

	
27.3–341.4

	
30.5–39.4








Ta: air temperature, RH: relative humidity.









3.2. Maps and Graphs of Human Energy Budget


3.2.1. August 9, 2016


The calculated human energy budgets for August 9 are illustrated in Figure 3 and Figure 4. Given the relatively high air temperatures and extreme relative humidity, conditions considered dangerous occur immediately near the start of the race. One section, which includes a stretch of east-west highway (15.8–17.2 km), runs toward the Sun and had high values of solar radiation and road surface temperatures, so the energy budget exceeded the benchmark for the extremely dangerous level. Values on the homeward route exhibited higher energy budget values as compared to the outward route due to increases in temperature, solar radiation and road surface temperatures as the day progressed. The same stretch of east-west highway on the return path (21.3–22.7 km) also showed an energy budget that exceeded the extremely dangerous threshold. From 22.8–27.4 km lies a stretch of highway running north-south that was lined with high-rise buildings and is therefore shaded. Thus, the intensity of the solar radiation and road surface temperatures were relatively low compared to other locations, and the energy budget here was almost 100 W m−2 lower than for other locations and rated as dangerous. However, from the 27.5-km mark outward, many locations were illuminated by direct solar radiation. Therefore, the road surface temperatures and solar radiation exhibited higher values than in other locations, which resulted in an increase in accumulated temperature and intense longwave radiation, and almost all locations were identified where values exceeded the extremely dangerous level, all the way to the 35.8-km mark. For example, the energy budget in front of the Imperial Palace Square (30.4–31.2 km) ranged from 342.8–489.5 Wm−2, because there were no tall trees or buildings that could provide shade for runners.


Figure 3. Energy budget for August 9, 2016 mapped on the marathon route (left: outward; right: homeward).
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Figure 4. Energy budget for August 9, 2016 graphed as a function of distance.
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3.2.2. Worst-Case Scenario


Figure 5 and Figure 6 display the results for the worst-case scenario. In comparison to August 9, the worst-case scenario has higher humidity and lower wind speed. Therefore, the energy budget is higher throughout the entire race, with stretches considered extremely dangerous beginning at the start of the outward transect. The levels of solar radiation in the worst-case scenario show the most intense solar conditions, however, still providing variability due to building and vegetation shading. On August 9, according to data from the Japan Meteorological Agency, at the time of the data collection at the 35.9-km mark, it was overcast, and the Sun was obscured. Therefore, on August 9, the energy budget values after the 35.9-km mark were low. However, the worst-case scenario virtualized clear sunny days, and therefore, the values did not decrease after the 35.9-km mark and exceeded the extremely dangerous threshold from 27.5 to the goal. Based on these results, this section of the route is considered as have a particular need for improvements of the thermal conditions.


Figure 5. Energy budget for the worst-case scenario mapped on the marathon route (left: outward; right: homeward).
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Figure 6. Energy budget for the worst-case scenario graphed as a function of distance.
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3.2.3. Best-Case Scenario


Figure 7 and Figure 8 show the results of the best scenario. In this scenario, it is assumed that the route will be constantly overcast, so large changes along the route are not observed, in contrast to August 9 and the worst-case scenario; instead, the energy budget rises gradually with increasing temperature. On the outward route, there is a series of locations evaluated as in the safe range. On the homeward route, the ratings waver between safe and caution, and there are several dangerous spots in the latter half. No spots on the course are evaluated as extremely dangerous.


Figure 7. Energy budget for the best-case scenario mapped on the marathon route (left: outward; right: homeward).
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Figure 8. Energy budget for the best-case scenario graphed as a function of distance.
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3.2.4. August 25, 2016: Early Start


On August 25, measurements began at 6:30 a.m., an hour earlier than usual. The highest temperature during the measurements was 31.5 °C. It was clear and sunny throughout the measurement period. Therefore, in terms of solar radiation, August 25 was not subject to great weather variability, such as temporary overcast conditions, and each location was considered as subject to the individual maximum solar radiation given the time of day and the presence of vegetation or buildings.



Figure 9 and Figure 10 show the results for August 25. There is a series of dangerous sections on the outward route, but no spots on the outward course are evaluated as extremely dangerous. On the homeward route, just as on August 9 and in the worst-case scenario, high energy budget values are observed from the 27.5-km mark onwards. However, from 28.2–29.9 km and 33.4–36.4 km, the energy budget was lower than those in the surrounding areas. Therefore, as expected, the length of the extremely dangerous area on August 25 is shorter than that of the worst-case scenario. This is largely due to the fact that measurements began an hour earlier than usual, and thus, the solar radiation was at a lower intensity, as well as a significant amount of shade from buildings and trees lining the course remained present.


Figure 9. Energy budget for August 25, 2016 mapped on the marathon route (left: outward; right: homeward).
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Figure 10. Energy budget for August 25, 2016 graphed as a function of distance.
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3.3. Comparison of the Results for Each Case


Table 4 compares the percentage of the overall number of locations rated as safe, caution, dangerous, and extremely dangerous for August 9 and 25 and the worst and best scenarios. For August 9, 29.4% of the total route was rated as extremely dangerous and 70.3% of the total route as dangerous. In the worst-case scenario, 54.9% of the route, almost half the length, was rated as extremely dangerous. In contrast, in the best-case scenario, 70.8% of the route was rated as being in the safe range, with 28.6% of the route rated as dangerous. On August 25, 44.8% was rated as caution, 50.5% as dangerous and 3.9% as extremely dangerous.


Table 4. The percentages of the route rated as safe, caution, dangerous and extremely dangerous for each day and scenario.












	
	August 9, 2016
	Worst Case
	BEST CASE
	August 25, 2016





	Safe
	0%
	0%
	70.8%
	0.8%



	Caution
	0.3%
	0%
	28.6%
	44.8%



	Dangerous
	70.3%
	45.1%
	0.6%
	50.5%



	Extreme Dangerous
	29.4%
	54.9%
	0%
	3.9%









Based on these findings, and particularly as demonstrated by the worst-case scenario, sunny, high-temperature and high-humidity conditions produce dangerous conditions throughout the entire route. Consequently, there are some variables that can be modified to improve the thermal environment; nonetheless, heat stress prevention measures are required for the entire course. As with the best-case scenario, even when the skies are overcast and temperatures are not very high, many stretches remain rated as caution or dangerous. Therefore, we believe that a strategy for dealing with heat stress is necessary regardless of the sky conditions, as the temperature and humidity are expected to be at levels considered extreme, and wind speeds are generally low and difficult to alter.



Figure 11 summarizes the heat budget graphs for each measurement date and scenario along the marathon route. Additionally, the course was divided into 25 sections according to the street direction, which is shown on the top bar of Figure 11. Eight sections have a higher energy budget than before and after the sections in the worst-case scenario and on August 9 and 25: (A) 15.8–17.2 km and 21.3–22.7 km, (B) 27.5–27.9 km, (C) 28–29.9 km, (D) 30.4–31.2 km, (E) 31.4–33.3 km, (F) 33.4–34.4 km, (G) 34.5–36.7 km, and (H) 36.8–37.7 km.


Figure 11. Graphs comparing the heat budget for each day and scenario, including street direction.
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3.4. Characteristics of Sections Considered Dangerous


3.4.1. Individual Characteristics of Each Section


Section A (15.7–17.2 km, 21.3–22.7 km)


In these spots, the streets run east-west. Therefore, even though the streets are lined with buildings and trees, they were not able to provide much shade, and the entire street will be in direct sunlight at race time. Therefore, solar radiation and road surface temperatures will be high and the energy budget relatively high in the surroundings.




Section B (27.5–27.9 km)


As is the case with Section A, the streets run east-west. Therefore, even though the streets are lined with buildings and trees, the entire street will be in direct sunlight at race time.




Section C (28–29.9 km)


From 28–28.1 km, there are trees partially blocking the Sun, but the shade does not reach the left lane where the route runs. After that section, there are buildings that partially block the Sun. Based on data from the worst-case scenario and August 9, the Sun will be high in the sky at race time, and the building shadow will not reach the left lane; hence, this area has a high energy budget. However, if the race time is an hour earlier, e.g., as on August 25, the building shade reaches the left lane. Therefore, it has a low energy budget along most of this stretch.




Section D (30.4–31.2 km)


The 30.4–31.1-km section passes through the square in front of the Imperial Palace. There are no trees or buildings present in the surroundings to provide shade, so the solar radiation intensity and road surface temperatures will be high at race time. The energy budget is also high compared to the surroundings, on both the outward and homeward legs. From 31.1–31.2 km, there are trees partially blocking the Sun, but the shade does not reach the left lane. Therefore, it has a high energy budget.




Section E (31.3–33.3 km)


In this section, the Sun is positioned in the southeast, and the streets are almost entirely unshaded at race time, so solar radiation and road surface temperatures will be high.




Section F (33.4–34.4 km)


As is the case with Section A, the streets run east-west. Therefore, even though the streets are lined with buildings and trees, the entire street is in direct sunlight at race time.




Section G (34.5–36.7 km)


In this section, trees are located to partially block the Sun. Data from the worst-case scenario and August 9 and 25 indicate that the trees provide partial shade, so the energy budget will be a little lower than in the surrounding areas. However, where tree growth is poor and tree heights are low, the energy budget will be high.




Section H (36.8–37.7 km)


As is the case with Section A, the streets run east-west. Therefore, even though the streets are lined with buildings and trees, the entire street will be in direct sunlight.





3.4.2. Summary


From the analysis in Section 3.4.1, the energy budget is affected by the locations of buildings and trees that block the Sun relative to the street direction.



Using these data, high energy budget spots on the marathon course were classified into five groups, as shown in Table 5. Group I (A, B, F, H) has shade from trees and buildings, and the road direction is W-E. Group II (C) has shade from trees and buildings, and the road direction is NE-SW. Group III (D, G) has shade only from trees, and the road direction is NE-SW. Group IV (D) has neither trees nor buildings that provide shade, and the road direction is NE-SW. Group V (E) has shade provided by trees and buildings, and the road direction is NW-SE.


Table 5. Classification by the existence of buildings and street trees that block the Sun based on street direction.











	
	Both Trees and Buildings
	Only Trees
	Nothing





	W-E
	A B F H (I)
	
	



	NE-SW
	C (II)
	D G (III)
	D (IV)



	NW-SE
	E (V)
	
	









In the next section, mitigation approaches are discussed for each group.






4. Approaches to Heat Stress Mitigation


The Sun will be facing the flow of traffic; therefore, these sections will be difficult to shade. On the homeward leg, a small amount of shade is present from trees near the road. Therefore, adjusting the tree pruning and expanding the tree canopy so that it projects over the side of the road is a possible measure to consider. It is also hypothesized that installing temporary sunshades to cover the sky above the road could also be effective.



4.1. Group II


The left traffic lane, where the runners will be running, will be unshaded, although there will be some shade in the right traffic lane. Therefore, in this section, the runners should also be allowed to run in the right traffic lane, which will enable them to reduce heat stress.




4.2. Group III


The streets remain unshaded by buildings, but are partially shaded by trees; therefore, expanding the tree canopy will provide more shade. Restricting pruning should expand the canopy and produce more shade on the streets, possibly reducing heat stress on the runners.




4.3. Group IV


As in Group I, there is no shade from buildings or trees. Therefore, it would be desirable to create shade by proactively planting trees along the streets. However, less than three years remain until the Olympics, so more urgent action is necessary, such as placing temporary tree planters and sunshades.




4.4. Group V


The left traffic lane, where the runners will be traveling, will be unshaded, although there will be some shade in the right traffic lane. Therefore, in this section, at first, the runners should also be allowed to run in the right traffic lane. Second, adjusting tree pruning and expanding the tree canopy and the installation of temporary sunshades to cover the sky above the road would be an improvement.





5. Conclusions


This study estimated the potential heat load that runners would be exposed to during the planned course of the marathon in the 2020 Tokyo Olympics. These findings were used to propose possible methods for reducing that stress. The primary findings are as follows.



	
On clear sunny days (the worst-case scenario), many stretches along the course were rated as dangerous or extremely dangerous. In particular, the stretch from 27.5 km–37.7 km is dominated by race segments in direct sunlight and had near-continuous sections that significantly exceeded the extremely dangerous standard. This section is in particular need of measures to improve heat stress conditions.



	
Under cloudy weather (the best-case scenario), from the start of the race, there were stretches that were rated as at the safe level. However, in the second half of the race, there were stretches rated as caution. Therefore, even under conditions that are the coolest for the given time of year, it is necessary to take measures against heat stress.



	
Starting the race one hour earlier would decrease race temperatures and increase the number of shaded sections on the return route. These results suggest that starting the race one hour earlier would be an effective measure against heat stress by shortening the continuous stretches rated as extremely dangerous, as demonstrated by comparing data gathered using the race’s scheduled start time.



	
Based on the classified sections along the course, we propose: (1) allowing runners to run in the shade of buildings, (2) making use of urban greenery, such as expanding the tree canopy, and (3) placing temporary tree planters and sunshades as three effective strategies for reducing the heat stress from the Sun and longwave radiation.






To summarize, the current marathon course is considered extremely high-risk for heat stress, particularly on the homeward course, with its high percentage of stretches in direct sunlight. In addition, the risk of heat stress is present even during overcast weather. Therefore, there is a need for measures to reduce the overall heat load caused by the sun and longwave radiation, tailored to the characteristics of individual segments; measures to reduce the effective temperature on runners throughout the entire course and an earlier race start time than currently scheduled would be effective at reducing heat stress.



The following two points should also be considered as future research topics. First, this study identified connected stretches evaluated as extremely dangerous for the runners during the planned homeward course for the marathon competition in the Tokyo Olympics. However, whether these stretches could potentially inflict a serious impact on the runners, and cause them to quit the race, cannot be evaluated based solely on the results of this study. Although preceding literature refers to core body temperature, which is correlated with the risks of heat stress, gradually increasing in the dangerous thermal environment while skin temperature increases rapidly [44], the effect of heat accumulation on core body temperature is still not well discussed. Further research that investigates the effect of heat accumulation on human health is therefore suggested. Second, measures to reduce heat stress were discussed in Section 4, but their degree of effectiveness on a person moving at a certain speed and not stopping in any one place for a long period of time, such as a runner, remains unknown; again, further research is necessary.
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