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Context: Exposure to severe heat can have detrimental
effects on athletic performance and increase the risk of
exertional heat injuries. Therefore, proactive assessment of
the environmental characteristics of international football match
venues becomes critical in ensuring the safety and optimal
performance of the athletes.

Objective: To propose the use of climatologic data (mod-
eled wet-bulb globe temperature [WBGT]) in making athletic-
event management decisions for the 2020 Summer Olympic
Games and the 2022 Fédération Internationale de Football
Association World Cup.

Design: Descriptive study.
Setting: Hourly meteorologic input data for a WBGT model

were obtained from the second Modern-Era Retrospective
Analysis for Research and Applications for Japan (Yokohama
and Saitama) and Qatar (Doha and Al-Daayen).

Main Outcome Measure(s): The pattern of hourly WBGT
and percentage of hours between 308C and 328C and exceeding

328C WBGT during the expected competition periods for the
2020 Summer Olympic Games in Japan and the scheduled
(November, December) and traditional (June, July) periods of
the World Cup games in Qatar.

Results: The WBGT during the 2020 Olympic football
tournament in Japan may exceed 308C in 40% to 50% of the
late mornings and early afternoons. The shift in tournament
timing for the 2022 Fédération Internationale de Football
Association World Cup in Qatar from the summer to late fall
will reduce the exposure to �308C WBGT to null.

Conclusions: Directors of mass sporting events should
consider using climatologic data in their organizational decision
making to assess the potential heat illness risk and to implement
risk-mitigation plans.
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Key Points

� The second Modern Era Retrospective Analysis for Research and Applications data can be used to model wet-bulb
globe temperature and to assess climate conditions anywhere in the world.

� Wet-bulb globe temperature may exceed 308C in 40% to 50% of the late mornings and early afternoons during the
2020 Olympic football tournament in Japan.

� According to the modeled wet-bulb globe temperature, the shift in tournament timing from the summer to late fall for
the 2022 Fédération Internationale de Football Association World Cup in Qatar will reduce the exposure to extreme
heat.

� Climatologic risk assessment should be included in the criteria for selecting athletic venues in order to make
informed decisions and avoid potential exposure to extreme heat.

E
xposure to extreme heat can have detrimental
effects on athletic performance and may lead to
serious exertional heat-related injuries. For in-

stance, sprint performance and total distance covered
during match play at the 2014 World Cup were negatively
affected when the air temperature exceeded 228C and
relative humidity exceeded 60% or when the air temper-
ature exceeded 288C despite lower relative humidity,
indicating that the players’ physical capacity was compro-
mised.1 In 2014, the Fédération Internationale de Football
Association (FIFA) revised their hydration-break guidelines
to grant additional breaks (eg, after the 30th minute of the

first and second halves of the games) when wet-bulb globe
temperature (WBGT) exceeds 328C. Indeed, in the same
year, the US and Portuguese men’s national football teams
experienced the first official hydration break during the first
stage of the men’s World Cup in Brazil. Such hydration
breaks may help attenuate the physiological strain experi-
enced during strenuous exercise in the heat.2–4

The WBGT is an index that integrates the influences of
multiple meteorologic variables that can affect heat stress
and is used to determine the need for activity modification
in the heat for athletes, the military, and other workers.5–8

The American College of Sports Medicine2 suggested that
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intense exercise be limited when the WBGT exceeds 308C
and that the risk of foreseeable uncompensable heat stress
exists when the WBGT exceeds 32.38C, even among those
who are heat acclimatized and physically fit. Although no
exertional heat-stroke fatalities have been documented
among elite football players during competition to date,
exertional heat illness is one of the common injuries
reported among youth and collegiate football players,
especially during the summer and preseason months when
the environmental conditions are warmer.9,10 Furthermore,
thermoregulatory strain is exacerbated on the succeeding
day of heat exposure.11 Therefore, proactive assessment of
the environmental characteristics of football match venues
becomes critical in ensuring the safety of the athletes and
also for appropriate management of the events.

We examined Japan and Qatar, 2 countries with hot
summer climates that are scheduled to host upcoming high-
profile international football matches: Japan is the host for
the 2020 Summer Olympic Games, and Qatar is the host for
the 2022 FIFA World Cup. The high prevalence of extreme
heat during the summer months in these countries warrants
extra heat-safety precautions during the tournament, such as
scheduling matches to avoid the hottest times of the day.
For example, Qatar has already announced a shift in the
tournament months to November and December from the
traditional June and July. However, the degree to which the

shift in tournament months will reduce the heat-related risk
for exertional heat illnesses is unknown.

Therefore, the aim of our study was to examine the
WBGT at venues that will host international football
matches in Japan (Yokohama and Saitama) and Qatar
(Doha and Al-Daayen) and to demonstrate the importance
of considering the local climate in event planning. We
hypothesized that venues in Japan would reach the WBGT
threshold for limiting intense exercise (WBGT �308C) and
adding a hydration break during the scheduled period of
competition. Secondarily, we examined the difference in
climatologic conditions in Qatar between the scheduled
(November, December) and traditional (June, July) periods
of the World Cup games. We hypothesized that the shift in
the tournament schedule would reduce the expected
exposure to WBGTs .328C.

METHODS

We developed 36-year (1980–2016) modeled climato-
logic WBGT datasets for the vicinities of the Japanese and
Qatari venues for the upcoming Summer Olympics and
FIFA World Cup tournaments, respectively. Wet-bulb
globe temperature data are not routinely collected in many
parts of the world, making it impractical to build a WBGT
climatology from observations. We used hourly meteoro-
logic data from the second Modern-Era Retrospective
Analysis for Research and Applications (MERRA-2)12 as
input into a WBGT model to build our WBGT climatology.
The MERRA-2 is a National Aeronautics and Space
Administration–developed atmospheric reanalysis dataset
that provides global data at a 0.6258 3 0.58 longitude-by-
latitude resolution. In the next sections, we discuss both the
WBGT model and the input meteorologic dataset.

The WBGT model was developed by Liljegren et al13 and
is a sophisticated mathematical model that incorporates
meteorologic data on air temperature, relative humidity,
solar radiation, and wind speed to calculate the wet-bulb
and globe temperatures. The wet-bulb and globe temper-
atures (WB and GT, respectively) are combined with the
measured dry-bulb temperature (DB) to compute the
WBGT as a weighted average14:

WBGT ¼ 0:7WBþ 0:2GTþ 0:1DB:

The Liljegren model13 meets the best standards for
WBGT models as discussed by Lemke and Kjellstrom15 in
that it uses well-established meteorologic variables as
inputs (eg, air temperature, relative humidity, solar
radiation, wind speed), employs thermodynamic principles
of heat exchange in the computations, has model formulae
capable of handling a wide range of meteorologic
conditions, and has been well tested. Indeed, Liljegren et
al13 found the model to be accurate to within 18C at a
variety of study sites with different climates. Further, both
Patel et al16 and Lemke and Kjellstrom15 deemed the
Liljegren model superior to other WBGT models for
outdoor use.

The meteorologic data required by the WBGT model,
particularly solar radiation, are rarely measured at weather
stations. Thus, hourly meteorologic data were obtained
from MERRA-2 (Figure 1).17 Reanalysis datasets are
widely used in climate research and blend observations
that are irregular in time and space with computer model

Figure 1. Example of the second Modern-Era Retrospective
Analysis for Research and Applications grids for the international
football venues in Yokohama and Saitama, Japan.
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output to create a gridded dataset that is spatially and
temporally complete.18 We selected the MERRA-2 dataset
because of its high spatial resolution when compared with
other reanalysis datasets.19 Also, our procedure for
computing WBGT using MERRA-2 may be applied to
climate conditions anywhere in the world.

The size of the MERRA-2 grids allows computation of
WBGT in Yokohama and Saitma, Japan. In Qatar,
tournament play is scheduled for Doha and Al-Daayen,
which are close in distance (,40 km apart) and covered by
a single MERRA-2 grid. Thus, a single set of WBGTs was
computed for each location.

The pattern of hourly WBGTs and percentage of hours
between 308C and 328C and exceeding 328C during the
period of upcoming competitions in Japan (Olympic
football tournament; July 24–August 9, 2020; [1] Interna-
tional Stadium Yokohama, Yokohama; [2] Saitama Stadi-
um, Saitama), and Qatar (FIFA World Cup; November 21–

December 18, 2022; [1] Doha Port Stadium, Doha; [2]
Lusail Iconic Stadium, Al-Daayen) were examined. For
regions around each venue, we developed 36-year climato-
logic models for the period of time when competitions are
scheduled. For Qatar, we also computed climatologic
conditions for June, when World Cup matches are typically
held.

Descriptive statistics are reported using means and
standard deviations. Percentages of hours in the 308C to
328C range and exceeding 328C in WBGT were calculated
using the data from 36-year climatologic models at each
venue.

RESULTS

The competitions in Yokohama and Saitama are expected
to occur from July 24 through August 9, 2020. In
Yokohama, late morning through early afternoon (10:00
AM to 1:00 PM Local Standard Time [LST]) provides the

Figure 2. (A) Box plots of hourly wet-bulb globe temperatures
(WBGTs) from 1980–2016 and (B) percentage of hours at 308C–328C
and .328C WBGT at Yokohama, Japan, during the scheduled
period of international football tournaments (July 24–August 9). The
boundaries of the box represent the 25th and 75th percentiles. The
line within the box indicates the median, the whiskers are the 10th
and 90th percentiles, and the points above and below the whiskers
are the 5th and 95th percentiles, respectively. The horizontal line
marks 328C WBGT. Abbreviation: LST, Local Standard Time.

Figure 3. (A) Box plots of hourly wet-bulb globe temperatures
(WBGTs) from 1980–2016 and (B) percentage of hours at 308C–328C
and .328C WBGT in Saitama, Japan, during the scheduled period of
international football tournaments (July 24–August 9). The bound-
aries of the box represents the 25th and 75th percentiles. The line
within the box indicates the median, the whiskers are the 10th and
90th percentiles, and the points above and below the whiskers are
the 5th and 95th percentiles, respectively. The horizontal line marks
328C WBGT. Abbreviation: LST, Local Standard Time.
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greatest heat-related hazard, with median WBGTs of
approximately 298C. During these hours, conditions can
exceed 328C WBGT 14% to 15% of the time and may
exceed 308C WBGT �40% of the time (Figure 2). Saitama,
which is located approximately 50 km north and inland of
Yokohama, follows a similar pattern to Yokohama but has
greater median WBGTs that reach 308C WBGT during the
hottest times of the day from late morning to early
afternoon (Figure 3). Further, during the later morning to
early afternoon, 328C WBGT may be exceeded near or
more than 20% of the time, and 308C WBGT may be
exceeded more than 50% of the time.

The competitions in Qatar are planned to occur between
November 21 and December 18, 2022 (Figure 4). During
this period, mild conditions are expected based on the 36-
year climatology model, with median peak temperatures
reaching approximately 238C WBGT (Figure 4A). Very hot
conditions are rare such that, even during the hottest time of
day, no more than 0.3% of hours exceed 308C WBGT.
Planning the competition for late fall provides significant
heat mitigation relative to conditions expected during the
traditional summer competition period. For instance, if
competitions were to be held between June 14 and July 15,
median WBGTs would be approximately 88C hotter and
reach �308C from 8:00 AM to 2:00 PM LST (Figure 4B). In
addition, the percentages of hours exceeding 308C and 328C
WBGT, respectively, between the summer and fall
tournament dates differ (Figure 4C). From the morning to
early afternoon, the data indicate 50%–70% more hours
�308C WBGT and 15%–23% more hours .328C WBGT
(Figure 4C).

DISCUSSION

We used climatologic data derived from a reanalysis
dataset (MERRA-2) and a WBGT model to evaluate the
range of possible WBGTs at venues that will be hosting
international football matches in Japan (Yokohama and
Saitama) and Qatar (Doha and Al-Daayen). Weather
conditions at the tournament venues in Japan and Qatar
may present stressful conditions for athletes, depending on
the time of day and season. For the 2 cities in Japan
(Yokohama and Saitama) during the scheduled tournament
time, from 40% to 50% of hours in the late morning to early
afternoon would be expected to exceed 308C WBGT. This
pattern of WBGTs during the day provides important
information when determining the game schedules for
outdoor competitions such as football. For example, 25% of
the matches played by men’s and women’s football teams
at the Rio Summer Olympic Football Tournament in 2016
were scheduled during hot times of the day between 1:00
and 3:00 PM LST. This also raises a concern for cumulative
heat-stress exposure, especially during international foot-
ball tournaments such as the Olympics and the World Cup,
where athletes may be exposed to continuous and
consecutive days of heat stress. The authors of previous
epidemiologic studies20,21 have shown that consecutive
days of heat exposure may increase the risk of exertionalFigure 4. Box plots of hourly wet-bulb globe temperatures

(WBGTs) from 1980–2016 in Qatar during (A) the scheduled
(November 21–December 18) and (B) traditional (June 14–July 15)
periods of international football tournaments, and (C) difference in
the percentage of hours at 308C–328C and .328C WBGT in Qatar
between the traditional summer and the scheduled fall tournament
time. The boundaries of the box represents the 25th and 75th
percentiles. The line within the box indicates the median, the

 
whiskers are the 10th and 90th percentiles, and the points above
and below the whiskers are the 5th and 95th percentiles,
respectively. The horizontal line marks 328C WBGT. Abbreviation:
LST, Local Standard Time.
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heat illness. In fact, physiological strain incurred from
thermal strain may be greater on the succeeding day.22

Schlader et al11 also reported a greater magnitude of
internal body temperature rise on the succeeding day of
strenuous physical activity (ie, ~90% of maximal heart rate
in a 20-minute exercise bout) in the heat. Climatologic data
showed that early morning and late afternoon games
substantially reduced the likelihood of experiencing
WBGTs in excess of 308C. As such, these findings call
for appropriate planning, including consideration of local
climatology, in the match and travel schedules to ensure
athletes have adequate time to recover23 and opportunities
to optimize the recovery process (ie, avoidance of exposure
to more heat than necessary) so they can mitigate the
exertional heat-illness risk while optimizing their perfor-
mance. The environmental data-driven safety precautions
would also enhance spectator safety to prevent potential
mass heat casualties by supplying adequate sources of
hydration and opportunities for body cooling, such as
enclosed air-conditioned areas, which may influence the
decision on venue selection. The use of heat warnings and
alerts aimed at spectators that include information pertain-
ing to appropriate attire and hydration considerations at
varying time points (eg, days before the event, on the day of
the event, during the event) may also help facilitate
behaviors that protect them from the sequelae of extreme
heat (eg, dehydration, exertional heat illness).

Climatologic data for Qatar demonstrated a drastic
difference in the average hourly WBGTs between the
traditional and scheduled periods of competition, which
confirms the importance of considering the local climate in
mitigating anticipated heat hazards. Unlike 1-day sporting
events, such as road races, it becomes very difficult for the
organizers of multiday events to accommodate and modify
their schedules in response to variations in weather
conditions. If shifting the time of the year for a competition
is not feasible, the event host should provide other
resources such as cooling stations, adequate clean water
sources, and ice at venues to mitigate the heat strain
through body cooling and hydration. Furthermore, such
planning is not exclusive to football matches but should be
considered for any multiday sporting events that are hosted
during the hot season of the year.

Wet-bulb globe temperature data are rarely available for
determining climatologic conditions and therefore have not
been available for pre-event planning purposes. Our
methodologic approach to determining WBGTs is repro-
ducible globally and may provide a template for more
routinely using these data in tournament scheduling. The
MERRA-2 data do not account for local, microclimatologic
conditions at a specific venue. However, the mesoscale
resolution of the MERRA-2 grids, on the order of tens of
kilometers, is suitable for identifying the regional condi-
tions needed for planning decisions. Also, our climatologic
data provide a range of WBGTs that have occurred
historically for planning purposes but are not designed to
forecast conditions for specific dates or times.

The effects of extreme heat may be more pronounced in
other levels of competitions, such as local club leagues or
school-organized leagues, where access to appropriate
medical providers is limited. In such circumstances,
adopting hydration-break policies and avoiding events
during the extreme heat hours become even more critical

to minimize the detrimental effects on athletic performance
and the risk of exertional heat injuries. Successful
organizational management of extreme heat risk on the
international level, such as the Olympic football tourna-
ment, will help establish an exemplary model for
coordinating football events at local levels.

CONCLUSIONS

The MERRA-2–based WBGTs may provide valuable
information for organizers of sport tournaments to assess
the foreseeable heat risk and devise a plan to prophylac-
tically mitigate the effects. Specifically, climatologic data
for modeled WBGTs during the 2020 Olympic football
tournament in Japan revealed that the WBGT may exceed
308C in 40% to 50% of the late mornings and early
afternoons of the days during the tournament. In addition,
the modeled WBGTs during the 2022 FIFA World Cup in
Qatar demonstrated that the shift in tournament timing from
the summer to late fall may reduce the likelihood of
extreme heat exposure. Examples from the 2 events
investigated in this study suggest that the directors of mass
sporting events should consider using climatologic data in
their organizational decision making during event planning.
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