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Impact of Reflective Roadways on Simulated Heat Strain at the Tokyo, Paris, and Los Angeles
Olympics

Abstract

Purpose: Cities are applying reflective coatings on streets in an attempt to mitigate urban heat. These
coatings are also being used to try to reduce heat stress during outdoor sports. This study models the
progression of heat strain in elite marathon and race walk athletes competing on traditional dark asphalt,
reflective pavement, or shaded asphalt in past and future Olympic Games (Tokyo (Sapporo), Paris, Los
Angeles).

Methods: Observed weather (Sapporo) or expected climate conditions for each city, along with modeled
mean radiant temperature (Twmrr) differences across the three surface types, were fed into the joint system
(JOS-3) thermoregulation model. Resultant changes to heat strain parameters of core temperature (Tcr)
and mean skin temperatures (T ), as well as skin wettedness and cardiac output, were modeled.

Results: Reflective pavement slightly increased the average Twrr (1.2-2.2°C), which caused higher
overall radiant heat loads on athletes and thus slightly higher (yet insignificant) T.: and T, . These changes
in simulated heat strain (worsening the situation) are the opposite of what is expected from a heat
mitigation technology. Shading the athletes resulted in lower predicted T (-0.37°C) and Ty, (-0.68°C)
across events compared to sun-exposed asphalt, also decreasing cardiac output.

Conclusion: The minor increase in Tmrt over reflective pavement transferred a negligible difference in
simulated athlete heat strain over a 2—3 hour intense competition. Overall, the large impact of solar
radiation (even in the morning hours) should be decreased via design strategies that block the sun rather
than strategies that increase radiant heat load.

Keywords: Heat strain; reflective pavement; thermal physiology; heat mitigation; core temperature;
Olympics
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Introduction

Pavement coatings on roads that reflect a higher amount of solar radiation are being piloted as a heat
mitigation technique in numerous hot cities worldwide to reduce urban temperatures. The albedo-based
reflective coatings, often called “cool pavements”, are lighter in color (see example in Figure 1) and can
reflect up to 38% of the sun’s solar energy. This reflectivity is substantially higher than the 10-12% of
solar radiation reflected from traditional darker seal coats (Schneider et al. 2023a). Thus far, Sydney,
Tokyo, New Delhi, Phoenix, Doha, and Los Angeles have deployed these “cool” coatings on select roads.
Multiple studies in such urban areas have demonstrated that the coatings indeed reduce the road surface
temperature (Tsr)—or the “touch” temperature—by 0-9°C, depending on the time of day, year, and
location (Kousis and Pisello 2023; Schneider et al. 2023a). However, studies have also shown that the
additional reflected solar energy increases the mean radiant temperatures (Twmrr) (overall radiant heat load
on people) midday above the lighter roadways compared to bare asphalt pavement (Erell et al. 2014;
Middel et al. 2020). Tmrris a critical metric used to quantify the exchange of radiant heat between a
human and their surrounding environment based on incoming and outgoing short and longwave radiation
in all directions (Guo et al. 2020; Vanos et al. 2021).

Studies in Phoenix and Los Angeles neighborhoods found that on hot days, the midday Twvrr was 2.3—
5.1°C higher over “cool” (reflective) pavements, increasing the heat load on pedestrians (Middel et al.
2020; Schneider et al. 2023a). Simultaneously, studies thus far show that the coatings have little to no
effect on Tair (averaging 0.3°C cooler at sunset) at pedestrian height (Schneider et al. 2023a). A higher
daytime Twmrr with little change in T translates to a higher radiant load with little-to-no compensating
convective cooling effect (Erell et al. 2014). Thus, the daytime use of reflective streets to walk, bike, or
run would increase total heat loads over those in less reflective or shaded areas, which goes against
improving active transport and recreational activities in cities (Turner et al. 2023). Further, it is well-
known that radiation levels can have significant effects on perception (e.g., thermal comfort) as well as
negative heat strain impacts (Otani et al. 2013, 2019, 2021; Vanos et al. 2017; Otani and Lee 2022).

'Albedo-based reflective pavén;lent Tra |t|onaIDrk spha t
Figure 1: Example of fresh albedo-based reflective pavement seal (left) installed in Phoenix, Arizona, compared to

traditional dark asphalt pavement (right). Photo credit: blinded for peer-review.
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In contrast, depending on the type, height, size, and cover type, shade can reduce Tmrr up to 20—-40°C
compared to unshaded areas (Johansson and Emmanuel 2006; Makaremi et al. 2012; Kantor et al. 2018;
Middel et al. 2021; Turner et al. 2023). This lower radiative load also reduces sweat production required
to achieve heat balance (Guzman-Echavarria et al. 2023) and, therefore, the chances of dehydration and
the associated cascade of heat illness.

Inspired by pilot deployments of reflective pavements by cities worldwide, discussions have arisen about
applying reflective coatings in and around athletic areas for large-scale athletic championships, such as
the Olympics. In preparation for the event, Tokyo installed 160 km of reflective surfaces (40% of the
roads in central Tokyo) (Japanese Government 2016, 2022; Tokyo Shimbun 2023). Yet, at the cost of
twice as much as traditional coatings in Japan (which is higher in other locations (City of Phoenix 2021)),
and little to no decrease in Tair, the installation in Tokyo has come to a halt.

In Tokyo, the surface changes would have affected Olympic sports that use streets, including the
marathon and race walk. Initially, the Tokyo marathon course intentionally included cooler routes shaded
(by trees and buildings) and vegetated areas (Tokyo Shimbun 2023), yet still showed potentially
dangerous conditions for athletes and spectators (Kosaka et al. 2018; Vanos et al. 2019). However, a more
dramatic approach was taken to decrease the heat exposure to the athletes: the Tokyo Olympics marathon
and race walk events were moved north to Sapporo. Nonetheless, major athletic events will occur in
Tokyo, such as the yearly Tokyo marathon (although during a cooler time in March) and the World
Athletic Championships in the Summer of 2025. Other cities, such as Los Angeles and Phoenix, continue
installing reflective pavement for potential pavement preservation, hopeful reduction of the urban heat
island (UHI), and related energy use declines. Yet those surfaces may not be the optimal choice in Los
Angeles for Olympic sports in 2028. However, no study has evaluated the impact of a higher daytime
radiative heat load due to reflective pavements on athletes’ heat stress who spend several hours walking,
running, or cycling on these roads to objectively evaluate the human impacts of reflective coatings.
Athletes’ heat strain and the consideration of factors like reflective coatings and local climatic conditions
can be accurately estimated using validated individualized thermoregulation models (Havenith 2001;
Oyama et al. 2023). This approach enables the estimation of heat illness risk without the need for direct
experimentation on human subjects or athletes, ensuring a safe and ethical evaluation of potential
mitigation strategies.

The purpose of this study is to compare the progression of simulated heat strain in elite athletes
competing on traditional asphalt and reflective pavements during recent and future Olympics, including
Sapporo, Japan (2020 Olympics, held August 2021), Paris, France (2024 Olympics), and Los Angeles,
United States (2028 Olympics). The heat stress impact on predominantly shaded routes is also modeled in
all cities. We hypothesize that during the race times (morning hours) and days of these events, an athlete’s
overall heat load will not change, which is expected due to the tradeoff (a lower emitted radiation but
higher reflected radiation) when comparing the reflective pavement to traditional (or conventional) dark
asphalt pavement. We also hypothesize lower estimated heat strain in athletes if performing in
predominantly shaded locations on traditional asphalt. Microclimate simulations are run based on
observed or expected hourly local weather conditions in the three Olympic cities. These data are then fed
into a rigorously validated thermoregulation model—JOS-3—that considers the various anthropometric
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characteristics, clothing, metabolic rate, and sex of the athletes (Takahashi et al. 2021). Events of focus
include the men’s and women’s marathons in all cities and the men’s 50km race walk in Sapporo.

Some studies have monitored local microclimates to determine heat stress or input results into thermal
indices or thermal comfort models (e.g., DeMartini et al. 2014; Honjo et al. 2018; Vanos et al. 2019;
Thorsson et al. 2020), which are simpler/more accessible to use yet are not purposed for dynamic sports
as some models do not allow for the alteration of metabolic rate, sex, body shape, and/or clothing
(Grundstein and Vanos 2020). Few studies (e.g., Rida et al. 2023a) have combined real-world urban
microclimatic simulations or data with 3-dimensional models of human thermoregulation (Joshi et al.
2022; Xu et al. 2023); the use of these models is more common with thermal chamber data (e.g., Jia et al.
2023; Rida et al. 2023b; Zhang et al. 2023). Thus, methods herein are novel in coupling observed and
simulated urban climate data with an advanced model of human thermoregulation that can consider
individuals’ anthropometric details, sex, metabolic rate, and a wide range of environmental conditions.

Methods

Climate Conditions

Weather inputs for the simulations include Ti;r, dew point (Tq), relative humidity (RH), and solar radiation
levels within each city at hourly resolution. For Sapporo, we used observed weather data (Table 1) from
the Sapporo airport (42.779°N, 141.687°E) based on the start time and period of each event (men’s and
women’s marathons and men’s 50km race walk)—see Table 1. For Paris, weather estimates (Tair, Tq, and
RH hourly climate normals) for the dates of Aug 10 and 11 (marathon dates) were obtained from the
National Center for Environmental Information (NCEI) from the Montsouris station (48.8231°N,
2.3367°E), calculating climate averages for 2005-2022. For Los Angeles, the approach used was similar
to Paris, yet because the exact dates and times are not known, we used averages for the dates between
July 15 and 30 in the morning hours (7:00 am start) for 2005-2020 using HadISD.3.3.0-global sub-daily
station dataset version v331 202301p (Dunn et al. 2016; Dunn 2019).

Solar radiation data were downloaded from the National Solar Radiation Database (NSRDB) for all
locations based on data availability (Sengupta et al. 2018), accessible at https://nsrdb.nrel.gov/data-
viewer. Average estimates for the given dates/times of year (Table 1) of global horizontal irradiation

(GHI), direct normal irradiation (DNI), and diffuse horizontal irradiation (DHI) for Sapporo are from
NSRDB-Himawari 2011-2020 data, for Paris from NSRDB-METEOSTAT 2017-2019 data, and for Los
Angeles are from NSRDB-Americas 1998-2022 data.

Mean Radiant Temperature Modeling

The solar and longwave radiation variables encompassing Twrr are not commonly available from weather
stations. Because of the level of detail required to test the influence of regular/conventional and reflective
road surfaces that are sun-exposed and shaded, we modeled Tuvrr using SOLWEIG V1.0 equations
(Lindberg et al. 2008) for the simplified case of an open space or road (sky view factor, SVF =1) as well
as a more narrow urban canyon (SVF=0.4) with shading largely from buildings, as in many large cities.
Therefore, three Tmrr values were calculated: sun-exposed asphalt (As) pavement, sun-exposed reflective
pavement, and As pavement in a shaded urban canyon. SOLWEIG V1.0 code was implemented using
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Python V3.10.9, with modifications to differentiate albedo () values from the ground (o Asroad = 0.12,
a reflective road = 0.35) and wall albedo (a buildings = 0.15) and T estimates. We used a system of
mathematical equations to obtain T (see Supplemental Information (SI)) solving a surface energy
surface balance for urban areas (Oke et al. 2017), with heat storage calculation using the Objective
Hysteresis Model (Grimmond et al. 1991) assuming coefficients for an asphalt surface (Asaeda and Ca
1993). The emissivity of all surfaces was set at 0.96 and the Bowen ratio at 5.

Table 1: Hourly weather conditions' measured in Sapporo, as well as climate conditions expected based on time of
day and year for Paris and Los Angeles. LST: Local Standard time; Tair: air temperature; RH: relative humidity; Taew:
Dew point temperature; Pair (vapor pressure, kPa); GHI: Global Horizontal Radiation.

Location Date Time (hr) Tar Taew RH P.ir  Windspeed? GHP?

(LST)  (°C) (°C) (%) (kPa) (m/s)atl.5m (W/m?)

6:00 260 220 790 265 272 197.6

Women's 7:00 270 210 700 249 4.60 327.9

Marathon ~ S2PPoro 7-Aug-2021 8:00 280 220 670 265 3.97 4712

9:00 290 220 660 2.65 4.60 597.7

7:00 260 220 790 265 3.14 2922

Men's 8:00 260 220 760 2.65 3.55 4403

Marathon ~ >2pporo  8-Aug-2021 9:00 270 220 730 265 5.43 502.8

10:00 270 220 750 2.65 5.02 580.8

5:00 250 220 830 265 0.84 394

Men's 6:00 260 220 81.0 2.65 0.84 128.9

50km Race  Sapporo  6-Aug-2021 7:00 270 220 730 265 1.46 277.6

Walk 8:00 290 230 680 2.8l 1.46 365.6

9:00 31.0 230 650 281 1.89 510.0

8:00 190 126 664 146 1.53 460.1

' 9:00 202 125 612 145 171 463.0

1\‘2:;?:1?0; Paris 1 lz'(gjg' 10:00 212 123 572 143 2.01 537.0

11:00 222 121 528 141 2.03 548.8

12:00 231 123 506 413 2.04 653.0

8:00 199 129 641 149 1.83 2928

' 9:00 209 124 583 144 2.16 403.8

Mﬁg‘t‘hson Paris 1%‘;‘%‘ 10:00 219 125 552 145 231 500.8

11:00 227 122 515 142 2.46 498.8

12:00 237 121 482 141 251 5202

8:00 217 165 722 188 0.96 5202

Either Los 15-Jul 9:00 230 187 669 2.16 1.34 713.7

Marathon | oo through30- 500 239 165 632 1.8 1.96 864.6
event Jul-2028

11:00 247 164 598 1.87 239 9483

Data Sources - Sapporo: Sapporo airport (42.779°N, 141.687°E); Paris: Montsouris station (48.8231°N, 2.3367°E) via NCEI,
Los Angeles: HadISD.3.3.0- global sub-daily station dataset version v331_202301p (Dunn et al. 2016; Dunn 2019).
2Windspeed is often measured at 10 m height at first-order weather stations. We used the log-wind equation to bring the wind
speed down to human height based on surface roughness (Jacobson 2005). This involves accounting for the roughness of the
surface, which decreases the windspeed closer to the surface, based on the log-wind equation by Stull (2015) (equation 18.14b)
assuming a surface roughness of 0.03m.

3From the National Solar Radiation Database (NSRDB) for all locations based on data availability (Sengupta et al. 2018)

accessible at https://nsrdb.nrel.gov/data-viewer.

“Day and exact times of the marathons are not yet set; therefore, we used average climate data across the two weeks in the given

time windows.
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Heat Strain Modeling

Thermoregulatory responses of athletes were simulated through the joint system (JOS-3)
thermoregulation model (Takahashi et al. 2021) as it allows the modeling of individual anthropometric
characteristics and sex of athletes representing different sports (Table 2). The JOS-3 thermoregulation
model was validated in detail for intense activities (high metabolic rate), climatic conditions, and various
anthropometric characteristics (Oyama et al. 2023), which are required for the current study. The model
segments the human body into 17 parts, consisting of 85 nodes, including core, muscle, fat, skin, artery,
vein, superficial vein, and central blood pool. The generalized equation for heat balance for all tissues
(core, muscle, fat, skin, artery, vein, superficial vein, and central blood pool) is expressed in Eqn. 1.

Cj,i dt' = Qbmj,i + Qworkj,i + Qshj‘i + Qnstj,i + Qbfj,i - Qcond]._j/’i_Qsensiblesk,i_Qlatentsk,i -

QTeSpcr,chest (1)

where C is heat capacity (é), T is temperature of a given node (K), t is time (s), Qpm is basal metabolic
heat generation (W), Q,,0rk is heat generated due to external work/activity (W), Qqy, is heat generated

due to shivering thermogenesis (W), Qys: is heat generated due to non-shivering thermogenesis (W),
Qcondj_]_, is conductive heat transfer between two successive nodes (j — j') (W), Qsensible,, 1S sensible

(convective + radiative) heat transfer (W), Qiatent,, is latent (sweat evaporation) heat transfer (W),
Qresper ones; 18 heat loss due to respiration from the chest (W), i represents the body part, and j represents
the node.

Basal metabolic heat is defined as the function of height, weight, and age for male and female athletes as
described in Eqns. 2 and 3, respectively (Harris and Benedict 1918; Roza and Shizgal 1984). The heat
production in individual body parts due to external work/activity is expressed by Eqn. 4 (Takahashi et al.
2021).

Qpm = (88.36 + 500.3 - At + 13.40 - wt — 5.68 - age) - 0.048 (for male) )
Qpm = (447.59 +479.9 - ht + 9.25 - wt — 4.33 - age) - 0.048 (for female)  (3)
Qworki = Qworkfi(PAR — 1) Qpm 4)
Qps, = 1.067 - BFj1_; - (Ty = T)) %)
Qresper cnest = (00014 - (34.0 — Tgip) + 0.0173 - (5870 — Pgp)) - Qrotar; (6)

where, ht is height (m), wt is weight (kg), age is age of human subject (years), Quork £ is distribution
coefficients of heat produced by external work (—), PAR is physical activity ratio (=), BF;_; is blood

. (1 . . .
flow from j' to j (ﬁ)’ T,ir 1s air temperature (°C), and Py;, is water vapor pressure (Pa).

The influence of clothing on sensible and latent heat exchange is calculated based on intrinsic thermal
resistance (Rcd) and intrinsic evaporative resistance (Red), represented by Eqns. 7 and &, respectively:



209

210

211
212
213

214
215

216
217
218
219
220
221
222
223
224

225
226

227
228

229
230
231
232
233
234
235
236

237

238
239

240
241
242
243

-1
Qsensiblesk,i = <Rccli + m) (Tsk,i - Toi) SA; (7

1
fcli LRhci

-1
Qlatentsk,i =W (Recli + ) (Psatsk,i - Pair) SA; 3

. . . w . . . w
where, h, is convective heat transfer coefficient (m), h;, is radiative heat transfer coefficient (m),

T,i is skin temperature (K), T,, is operative temperature (K), P4, , is saturation pressure of water
vapor at the skin (Pa), Py;; is water vapor pressure of air (Pa), R¢, is intrinsic thermal resistance of
1

m2K

. C e . . . 2p .
clothing ensemble , Re , 1s intrinsic evaporative resistance of the clothing ensemble ), f.. 1s
w €cl; w i

clothing area factor (=), SA; is surface area of skin (m?), and w; is skin wettedness (—).

We focus our evaluation on simulated heat strain outputs of core temperature, skin temperature, skin
wettedness, and cardiac output. Core temperature is a fundamental indicator of body’s thermal state
reflecting the net heat storage or dissipation rate given the overall environment and person characteristics
(Bouchama et al. 2022). Skin temperature and skin wettedness helps in understanding the body’s heat
dissipation through convection, radiation, and evaporation. Similarly, physiological research confirms that
skin wettedness is also a critical for comfort, perception, and heat stress (Vargas et al. 2020). Finally,
cardiac output indicates increased cardiovascular demands imposed by heat stress by redistributing blood
flow to the skin for heat dissipation. These variables provide a comprehensive analysis of heat strain to
isolate radiative and thermal impacts.

Model Inputs

The maximum race speeds of marathon runners showed a direct correlation with BMI, with optimal
values of 19.80 % and 18.20 % for male and female athletes, respectively (Marc et al. 2014). The

average body mass for male and female marathon runners was considered as 56.20 kg and 48.30 kg,
respectively (Marc et al. 2014; Racinais et al. 2021). For male 50 km race walkers, the average weight
and height were assumed to be 66.40 kg and 1.77 m (Gomez-Ezeiza et al. 2018). As described in Table
2, analyses were performed for the average values of weight, height, metabolic rate, and race duration to
analyze the impact of reflective roadways on athletes’ heat strain. Intrinsic thermal and evaporative

m? Pa
w
(chest, back, upper arm, thigh, and feet) (ISO9920 2007). The maximum oxygen consumption for male

resistances of the clothing ensemble were assumed to be 0.05 % and 10.00 for covered body parts

kg
(11.56 MET) for males and 33.05 % (9.44 MET) for females (Noakes et

and female marathon runners was assumed to be 53.40 % and 43.60 lr:l,zn, leading to energy

ml 0,

expenditures of 40.48

kg min

al. 1991; Malek et al. 2004). The average energy cost for race walkers, based on measurements by Farley

and Hamley (1978), was 27.0 “J__(7.70 MET). Environmental parameters, available at a frequency of 1
y

minm?
hr, underwent linear/polynomial fitting to resample to 20-minute intervals.



244 Table 2: Attributes and assumptions for modeling athletes in three events within the JOS-3 thermoregulation model.

Assumptions Marathon (male) Marathon (female) Race-walk (Male)

Weight [kg] 56.20! 48.30? 66.40°

Height /m] 1.68! 1.63! 1.77°
m2K

Re*[=E 0.05 0.05 0.05
m2Pa

Recl4 [7 10.00 10.00 10.00

METs/PAR [met] 11.56° 9.44% 7.70°

Environmental Parameters Table 1 Table 1 Table 1

Race Duration’ [HH:MM] 02:15 02:30 04:11

245  'Marc et al. (2014); 2Racinais et al. (2021); *Gomez-Ezeiza et al. (2018); 1S09920 (2007); *Noakes et al. (1991),
246  Malek et al. (2004); °Farley and Hamley (1978); "Arcelli (1996).

247

248  Analysis

249  Observed weather data for Sapporo and local climate norms for Paris and Los Angeles (Table 1) were
250  input into the SOLWEIG V1.0 (Lindberg et al. 2008) model equations coded in Python V3.10.9 to

251  determine differences in microclimatic variables that runners or walkers would experience in the morning
252  hours along roadways for their given events. The JOS-3 open-source thermoregulation model used for
253  heat strain analysis used Python V3.11. The data processing and graphs were prepared using Python

254  V3.11.5 and Inkscape (“The Inkscape Project”). All differences compare reflective coatings or shaded
255  asphalt surfaces in urban canyons to the sun-exposed asphalt pavement results as a baseline.

256

257

258  Results

259

260  Overview

261  Here, we determine if reflective, or “cool”, pavement helps decrease simulated heat strain in elite

262  marathon and race walk athletes compared to traditional asphalt pavement, modeled for recent and future
263  Olympic marathon or race walk settings in Sapporo, Japan; Paris, France; and Los Angeles, United States.
264  We applied a mixed-modeling approach using weather data and microclimatic modeling fed into a human
265  thermoregulation model to determine variations in the estimated heat strain in three situations: over sun-
266  exposed traditional asphalt (As); over sun-exposed reflective pavement; over traditional As within urban
267  canyon providing shade, assuming SVF = 0.4.

268

269  Microclimate Variations by Surface Type & Shade Presence

270  Observed weather data for Sapporo and local climate norms are provided in Table 1. The Try: in Sapporo
271  was, on average, 1.940.73°C, 2.24+0.51°C, and 1.240.78°C higher over reflective pavement for the

272  Women’s marathon, Men’s marathon, and Men’s 50 km race walk, respectively (Table 3). These

273  differences increase with the sun’s position in the sky, reaching a maximum difference of 2.7°C at the end
274  of the race (9:00 or 10:00 am). In Paris, the Tmrr is estimated to be ~2.1°C higher over the reflective

275  pavement during the marathon race times, on average, with values also increasing throughout the

276  morning. Finally, based on the time of year and an expected morning race time, the T in Los Angeles is
277  estimated to be 3.2+0.84°C higher on a reflective surface, reaching a maximum difference of 4.1°C by
278 11:00 am (which would be higher as the solar angle increases) (Table 3). Both Paris and Los Angeles
279  exhibit higher solar radiation at the given times of year and day compared to Sapporo, thus explaining the
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higher differences. These higher T values over reflective pavement translate into higher values of

radiative heat gain to a human walking or running on said surface.

Table 3: Results of mean radiant temperature (T,,,;) values and differences in an open area (SVF = 1.0) traditional

asphalt pavement (albedo 12%) versus reflective pavement in an open area (albedo 35%) and shaded asphalt
pavement (SVF= 0.4, or narrow urban canyon). LST: Local Standard Time.
0, 0, .
| Time T CO) el T ) e
Location Date (hr) asphalt RP—-As
(LST) (As), open pavement, ©C) urban — Open As
open canyon, As O
6:00 44.4 45.4 1.0 31.0 -13.3
Women's Sapporo 7-Aug- 7:00 49.5 51.1 1.7 35.0 -14.4
Marathon 2021 8:00 57.0 59.2 22 403 -16.7
9:00 62.6 65.3 2.7 453 -17.3
Mean+SD  53.3+8.04  55.3+8.77 1.940.73 37.9+6.19 -15.4+1.88
7:00 47.6 49.1 1.5 342 -13.4
Men's 8-Aug- 8:00 55.8 57.9 2.1 39.4 -16.5
Marathon ~ >%PPOT0  H0oi 9:00 61.0 63.4 24 443 -16.7
10:00 63.6 66.3 2.7 47.0 -16.6
Mean+SD  57.0+7.05  59.2+47.55  2.2+40.51 41.2+5.63 -15.8+1.61
5:00 29.1 29.3 0.2 24.7 4.4
Men's 6:00 38.5 39.2 0.6 29.1 9.5
50km Race Sapporo  C-AUE" 7:00 46.5 47.8 1.3 33.6 -13.0
2021
Walk 8:00 529 54.5 1.6 39.3 -13.6
9:00 58.1 60.3 22 43.8 -14.3
Mean+SD  45.0+11.5  46.2+12.30  1.2+0.78  34.1+7.66  -10.9+4.11
8:00 53.9 55.8 2.0 34.8 -19.0
, 9:00 52.8 54.9 2.0 35.7 -17.1
X;’r‘:ﬁi‘o; Paris | lz'(gjg' 10:00 613 635 23 4.4 1189
11:00 63.5 65.8 2.3 452 -18.3
12:00 66.4 69.1 2.6 48.0 -18.4
Mean+SD  59.6+5.99  61.84+6.24  2.2+0.26 41.2+5.82 -18.3+0.73
8:00 44.7 46.1 1.4 31.3 -13.4
, 9:00 54.1 55.9 1.8 37.6 -16.5
Mﬁg‘t‘lfon Paris 102'(‘;;‘35' 10:00 60.0 62.1 22 4.0 -17.9
11:00 61.3 63.5 22 44.1 -17.2
12:00 58.7 61.0 2.3 43.4 -15.3
Mean+SD  55.846.67 57.7+7.10  2.0+0.36  39.7+5.33 -16.1+1.78
15-Jul 8:00 53.0 55.2 22 36.4 -16.6
Los through 9:00 58.2 61.1 2.9 42.1 -16.1
Marathons /o oles  30-jul-  10:00 60.3 63.9 3.6 46.2 -14.1
2028 11:00 59.3 63.4 4.1 48.5 -10.8
Mean+SD  57.7+3.23  60.9+3.99  3.2+0.84 4334531 -14.4+2.63

Simulated Athlete Heat Strain
We modeled the heat strain parameters of predicted core temperature (T.) (Figure 2) and predicted mean

skin temperature (T ) (Figure 3) for the seven simulated races. The average absolute changes for

reflective pavement and shade throughout the races compared to sun-exposed As pavement are provided
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in Figure 4. At the end of the race, reflective pavement displayed a negligible effect on the simulated T,
(0.05°C) and Ty (0.09°C), on average, across the running and walking events modeled in the three cities
(Figure 4). Differences are lower for women than men. Shaded asphalt pavement surfaces result in a
lower Te; (-0.37°C) and T, (-0.68°C), on average, across the events. While these are reduced, they are
minor for overall heat safety given the multitude of other parameters affecting the estimated heat strain,
particularly metabolic intensity.

In assessing the athletes’ experience in the Sapporo marathons and race-walk, the women’s race being
moved to an hour earlier supported lower T values in the oppressively humid conditions of the city. If
the entire routes were more shaded for these events, based on a 40% sky view factor modeled here, it is
estimated that T would be -0.28°C, -0.29°C, and -0.41°C lower for the women’s marathoners, men’s
marathoners, and men’s racewalker, respectively, compared to fully sun-exposed asphalt (Figure 4).
Similarly, the Ts; would have been lowered by 0.60°C, 0.54°C, and 0.72°C in these shaded conditions
versus open asphalt in Sapporo.

Looking to future events in Paris and Los Angeles, the lower T.ir and RH expected in Paris compared to
Sapporo and Los Angeles shows less heat strain expected for the athletes in Paris if the weather that day
follows the normal climatology. These differences are provided across the graphs yet are most apparent in
Figure 4. The 2028 expected conditions in Los Angeles (assuming a start time of 8:00 am) are concerning
for the athletes given the Los Angeles climatology during the planned two weeks. Using reflective
pavement in Los Angeles would increase estimated T, on average by ~0.08°C and 0.10°C and Ty by
0.14°C and 0.15°C compared to open traditional asphalt for women’s and men’s marathoners,
respectively. However, if Los Angeles plans a shaded route for that time of day or adds shade for the
runners throughout the course, the estimated T.r would -0.36°C and -0.43°C lower for women and men,
respectively, with respective Ty, reductions reaching -0.67°C and -0.70°C (Figure 4). Paris would see
slightly greater reductions in both Ty and T.. if the entire racecourse is shaded, which would occur due to
the greater Tmr reduction (-19°C in shade) during the Paris women's marathon compared to the other
races (Table 3). Differences among the cities also depend on the sun angle at the time of year and day for
the location, where the sun will hit runners more perpendicular to the body in the morning in Paris at the
given latitude (48.8°N) than in Los Angeles (34.0°N). Thus, potential improvements for athletes due to
shade are also greater in Paris.

In line with Te and Ty results, the reflective pavement has negligible negative or positive impact on skin
wettedness, resulting in a ~0.002 change (or 0.2%) (see SI). Conversely, shade provides a minor positive
impact on skin wettedness (wg,), lowering wg, by 0.02 change (or 2%). Consistent with the potential

negative effects of reflective pavement on T, and Ty, cardiac output also increases with athletes running

. . . .
over reflective pavement (on average, 13 - higher or ~1%). In contrast, shade provides a considerable

e . . . l
positive impact on the cardiac output of athletes, with an average reduction of 91.18 - or ~5.0%.

Overall, along with the T, the Tair, RH, and windspeed can also considerably affect the total estimated
heat strain. Thus, a key takeaway of the results involves these differences in modeled heat strain found by
location and time of day. There are notably higher values of T as a product of Sapporo and Los Angeles
weather compared to Paris, or more oppressive conditions expected based on the climatology of August

10
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11 compared to August 10 in Paris (Table 1). Further, as the impact of solar radiation on heat load, even
in the morning hours, is high due to higher angles of sun incidence to people (sunbeam hits a greater
surface area close to sunrise/sunset), these results show that incoming radiation to athletes should be
decreased via design (buildings, tree, built shade), not increased. However, when the weather is expected
to be oppressively hot, organizers should also be prepared to move events to earlier in the morning, as in

Sapporo, for the women’s marathon.
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Figure 2. Simulated core temperature of men and women athletes across various Olympic events and surface types:
asphalt pavement in an open space (blue), reflective pavement in an open space (red), and asphalt pavement with

shade in a narrow urban canyon (green).
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Figure 4. Effect of sun-exposed reflective pavement and shaded asphalt pavement compared to sun-exposed
traditional asphalt on core (Ter), mean skin temperature (T, ), skin wettedness (wg; ), and cardiac output (CO). A
value of 0 indicates no change from traditional asphalt in an open space. Negative values indicate reductions due to
shade.

Discussion

With numerous major sporting events occurring during warm or hot weather, and with climate change and
urban-induced warming fueling increased occurrence of extreme heat (Georgescu et al. 2014; Krayenhoff
et al. 2018), the reduction of heat exposure is an increasingly critical issue for athlete performance and
health (Hosokawa and Vanos 2020; Flouris et al. 2021; Mantzios et al. 2022). Here, we report a new
approach coupling urban microclimate and human thermoregulation modeling to determine the impact of
two well-known heat mitigation strategies—reflective pavement and shade—on the simulated heat strain
of athletes competing in marathon and 50 km race-walk events in past and future Olympics (Sapporo,
Paris, Los Angeles). This approach integrates well-established and fundamental principles from urban
micrometeorology to estimate changes in the mean radiant temperature (Twmrr) and related meteorological
parameters on the total human heat load with a more reflective surface or a shaded surface, and resultant
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changes to the simulated heat strain parameters of core and skin temperatures (Ter, Tyy), as well as skin
wettedness and cardiac output.

The use of reflective pavement slightly increased the Tvrr in the morning hours for all cities and times of
the year assessed, which caused higher overall radiant heat loads and thus marginally higher (yet
insignificant) T and T,,. Thus, while the reflective pavement causes these potential minor increases in
simulated heat strain, the directionality of the difference in heat strain (i.e., making the situation worse) is
the opposite of what is expected from a heat mitigation technology. These relationships of higher heat
stress with high Tmrr loads agree with past literature assessing radiation and physiological response
(Otani et al. 2021; Otani and Lee 2022). Concerns are heightened given that elevated skin and core (or
overall body) temperatures correlate with lower performance and fatigue (Nybo and Nielsen 2001).

Increasing Tmrt exposure demonstrated by this modeling study and other field and modeling studies
(Erell et al. 2014; Lai et al. 2019; Schneider et al. 2023a) discourage the use of reflective pavement in
locations with high pedestrian traffic (on a road or recreational area/playground/court), as well as in
highly built-up areas (downtown of large cities) where the sun does not interact directly with the
horizontal surface (Schneider et al. 2023a). Therefore, while higher Turr is a well-known trade-off to
reducing the surface/subsurface temperatures with such products, using albedo-based products
compromises pedestrian thermal comfort in the daytime (Erell et al. 2014). Thus, cities must use
reasonable evidence-backed decision-making regarding where and why an albedo-based reflective coating
is installed. Further, results here are based on morning hours, as early as 5:00 am in Sapporo. The
negative impact of the higher reflectivity on the radiant heat load increases as the day proceeds (Table 2),
with a higher difference in Twrr at the latest time of the morning (around 11 am). This difference would
increase from sunrise until the incoming solar radiation reached its highest value, exacerbating the
adverse impacts on athletes compared to non-reflective surfaces.

Importantly, if sporting organizers are looking to spend time and money on providing the safest route
possible given the conditions expected, a strategically planned route that offers ample shade and decent
airflow—whether on concrete, asphalt, or reflective pavement—will support the most important declines
in heat strain parameters, as estimated in the current paper. Medical sports experts agree upon such
shading strategies (Schneider et al. 2023b). The shaded versus sun-exposed results here agree with
modeling or measurement studies wherein shade significantly reduces heat strain (Lucas 2016; loannou et
al. 2021; Otani and Lee 2022; Clark and Konrad 2023; Meng et al. 2023). For example, work completed
in Tokyo by Vanos et al. (2019)—prior to organizers moving the marathon and race-walk to Sapporo—
showed that the provision of shade throughout the route, based on multi-day microscale mobile
measurements of radiation, temperature, and humidity, provided the most relief to spectators along the
course. Ample shade can be provided by tall buildings in downtown areas where these events are often
held or by other forms of built and natural shade. These high-rise downtown areas are also known to
present “urban cool islands” (UCI) in the morning hours before the sun has had a chance to reach the city
surfaces due to the blocking of radiation by buildings (Alonso et al. 2003; Basara et al. 2008; Marc et al.
2014; Yang et al. 2017; Hardin et al. 2018). These shading/UCI features and additional air
flow/ventilation can support cooler routes for marathoners and racewalkers and enhance performances.
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The event's location (city) and time of day or year are critical factors in the expected overall heat strain.
The local microclimatic conditions result in differences in estimated heat strain parameters when
comparing the reflective pavement or shaded asphalt to traditional open asphalt. These results can give
clues as to the best route at the given time of day or other helpful heat mitigation technologies supported
by the climate (e.g., mist can be helpful in dry locations versus humid). Overall, the large impact of solar
radiation on heat load, even in the morning hours, should be decreased via design, not increased.

The thermoregulation model facilitated a thorough and more specific evaluation of heat strain parameters
in athletes, including T, T, skin wettedness, and cardiac output across diverse simulated race scenarios.
A reduction in core temperature of -0.37°C, on average, from shade, though seemingly modest, can
significantly reduce or delay the risk of exertional heat stroke in hot conditions, such as those anticipated
for the Los Angeles Olympic and Paralympic Games. Additionally, the resultant lower thermal strain
from shade would likely enhance athlete performance and safety (Nybo and Nielsen 2001). The
incorporation of solar radiation, and thus Twrr, is often ignored within common thermal indices, yet must
be accounted for in outdoor scenarios given the strong relationship with heat stress (Hodder and Parsons
2007; Middel et al. 2016; Foster et al. 2022; Nelson et al. 2024) and cognition (Piil et al. 2020). This
interdisciplinary research highlights the intricate factors affecting outdoor potential heat strain in dynamic
microclimates, emphasizing a holistic and ethical approach that seeks to minimize the dependence on
direct indoor experimentation on human subjects or athletes in evaluating potential mitigation strategies.
Insights herein provide organizers with valuable information to adjust schedules based on location, urban
design, time of day, and weather conditions, ensuring athlete safety amid extreme heat.

Limitations

Model inputs assumed athletes with specific BMIs representing the average athletes from particular sports
groups (based on the literature). The ability to regulate body temperature depends on several factors such
as age, underlying medical conditions, hydration, heat acclimation status, etc. (Flouris and Schlader 2015;
Romanovsky 2018; Périard et al. 2021; Cramer et al. 2022). The present study used an open-source
thermoregulation model validated for outdoor sports (marathon, triathlon, football, tennis, etc.), where
heat acclimatization was not implemented. Therefore, we also did not consider the heat acclimatization
status of athletes. Further, the thermoregulation model does not account for ethnic differences in thermal
physiology and for the effectiveness of other external cooling methods that athletes would use in these hot
conditions (e.g., water dousing, ice slurry ingestion, etc.) commonly employed across various sports.
Given this is a heat strain simulation study, there is a need to complete empirical research to monitor the
physiological heat strain responses and perceptions during races (e.g., (Aylwin et al. 2023)).

Regarding urban microclimate estimations, observed wind speed at human height was used as the main
input, rather than relative wind velocity. We assume constant metabolic rates among athletes given that
human data were not collected and to isolate the thermal and radiative components on the human body.
We acknowledge that athletes’ metabolic rates often decrease over the course of a long race, particularly
in hot conditions (Noakes et al. 1991; Mantzios et al. 2022), and future work may assess more dynamic
modeling to address dynamic sensitivities. Further, we apply a constant windspeed as airflow over the
body and do not account for variations in wind speed or effective wind speed (i.e., wind velocity plus
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moving speed and direction) and its impact evaporative and convective heat transfer. Future studies
should aim to incorporate improved convective heat transfer coefficients that account for outdoor wind
characteristics, such as turbulence intensity and length scale, due to their significant impact on convection
(Joshi et al. 2024). While our model incorporates factors such as clothing insulation and evaporative
resistance, it does so under static conditions, not fully capturing the dynamic changes occurring during
movement (Joshi et al. 2021). We also did not account for intermittent instances of shade and sun-
exposure as these are beyond the scope of the study purpose and we do not have such information for all
courses yet.

Conclusion

This study presents a new approach that couples urban microclimate and human thermoregulation
modeling to determine the impact of two well-known urban heat mitigation strategies—reflective
pavement and shade—on the predicted human heat strain of athletes competing in road events (mainly
marathon and 50 km race-walk) in past and future Olympics (Tokyo (Sapporo), Paris, Los Angeles).
Reflective pavement slightly increased the average Tmrr (1.2—2.2°C), which caused higher overall radiant
heat loads and thus slightly higher (yet insignificant) T, and T,. These changes in heat strain (i.e.,
worsening the situation) are the opposite of what is expected from a heat mitigation technology. Overall,
the minor increase in Tmrt over reflective pavement transferred a negligible difference in athlete heat
strain over a 2—3 hour intense competition. However, shading the athletes results in lower estimated T (-
0.37°C) and T (-0.68°C) across the events compared to sun-exposed asphalt, also decreasing cardiac
output. Such results point to the importance of accounting for radiant heat load when modeling human
heat strain.

Importantly, if sporting organizers and cities are looking to spend time and money on providing a more
thermally-acceptable route given the syntoptic conditions expected, a strategically planned route that
provides ample shade and decent airflow (which are most modifiable through urban design)—whether on
concrete, asphalt, or reflective pavement—will support the most important declines in heat strain
parameters. Overall, under warm-hot conditions, the large impact of solar radiation (even in the morning
hours of these events) should be decreased via leveraging design strategies that block the sun rather than
those that increase radiant heat load. This work, bridging multiple disciplines across physiology,
bioclimatology, and urban climate research, can enable or motivate future studies using microclimatic
measurements directly linked to heat strain measurements in athletes to further support decision making.
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