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ABSTRACT
Extreme heat can be harmful to human health and negatively affect athletic performance. The
Tokyo Olympic and Paralympic Games are predicted to be the most oppressively hot Olympics on
record. An interdisciplinary multi-scale perspective is provided concerning extreme heat in Tokyo—
from planetary atmospheric dynamics, including El Niño Southern Oscillation (ENSO), to fine-scale
urban temperatures—as relevant for heat preparedness efforts by sport, time of day, and venue. We
utilize stochastic methods to link daytime average wet bulb globe temperature (WBGT) levels in
Tokyo in August (from meteorological reanalysis data) with large-scale atmospheric dynamics and
regional flows from 1981 to 2016. Further, we employ a mesonet of Tokyo weather stations (2009–
2018) to interpolate the spatiotemporal variability in near-surface air temperatures at outdoor
venues. Using principal component analysis, two planetary (ENSO) regions in the Pacific Ocean
explain 70% of the variance in Tokyo’s August daytime WBGT across 35 years, varying by 3.95°C
WGBT from the coolest to warmest quartile. The 10-year average daytime andmaximum intra-urban
air temperatures vary minimally across Tokyo (<1.2°C and 1.7°C, respectively), and less between
venues (0.6–0.7°C), with numerous events planned for the hottest daytime period (1200–1500 hr).
For instance, 45% and 38% of the Olympic and Paralympic road cycling events (long duration and
intense) occur midday. Climatologically, Tokyo will present oppressive weather conditions, and
March–May 2020 is the critical observation period to predict potential anomalous late-summer
WBGT in Tokyo. Proactive climate assessment of expected conditions can be leveraged for heat
preparedness across the Game’s period.
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Introduction

The Summer Olympic Games in Tokyo, 2020

The Tokyo 2020 Olympic and Paralympic Games
will be held from July 24 to August 9 and August
26 to September 6, respectively. The Games will
incorporate 33 events, 43% of which will take place
outdoors within the Greater Tokyo Area, Tokyo
Bay, and Sapporo. Tokyo is the world’s most
populous mega-city at 13.6 million people. It lies
in a humid subtropical climate zone with hot,
humid summers and generally mild winters.
Japan’s climate has endured steady and noticeable
changes, owing both to climate variance (natural
influences) and climate change (anthropogenic)
[1,2]. July and August are the warmest, most

humid, and wettest months, with a noticeable con-
vective shift often occurring in early August,
bringing more intense heat and humidity [3].

The growing international audience for the
Summer Olympics now exceeds 3.5 billion view-
ers over the 4 weeks [4]. While the late-July
through September timeline may gain heightened
international viewership (due to a “lull” in the
North American sports schedule), extreme heat
is a critical concern for athlete performance and
health, as well as for workers, volunteers, and
spectators alike. Further, Tokyo can expect an
influx of >500,000 foreign travelers given num-
bers recorded at the Rio 2016 Games, and non-
acclimatized spectators will be at a higher risk of
heat stress [5].

CONTACT Jennifer K. Vanos jvanos@asu.edu
Supplemental data for this article can be accessed here.

TEMPERATURE
2020, VOL. 7, NO. 2, 191–214
https://doi.org/10.1080/23328940.2020.1737479

© 2020 Informa UK Limited, trading as Taylor & Francis Group

http://orcid.org/0000-0003-1854-9096
http://orcid.org/0000-0002-0574-6253
http://orcid.org/0000-0001-9138-5361
http://orcid.org/0000-0001-5584-7805
http://orcid.org/0000-0002-8858-2636
https://doi.org/10.1080/23328940.2020.1737479
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/23328940.2020.1737479&domain=pdf&date_stamp=2020-08-08


For most outdoor sports, spectators are likely to
be standing or sitting in crowded, often unshaded
areas, with large crowds causing decreased airflow
[6] and higher temperatures due to metabolic heat
[7]. Athletes will also need to heat acclimate or
acclimatize and take extra precautions when pre-
paring for outdoor events, particularly longer
events such as football, road cycling, and tennis
[8,9]. Given the climatologic (~30-year average)
conditions in Tokyo in late summer (i.e. average
daily maximum air temperatures of ~31°C), two of
the longest endurance events—the race walk
(50 km and 20 km) and the marathon—have
been moved north to Sapporo to protect athletes
and aid in performance.

Extreme heat & health in sports and mass
gatherings

The concern over extreme heat at the impending
Olympics is well known and ever-present in the
media and recent literature (e.g. Smith et al. [10],
Gerrett et al. [9]) Recent studies focus on the pos-
sibility of record summertime heat and humidity
posing heat risks to many [11–13]. Apart from
Mexico City and Rio de Janeiro, all past Summer
Olympics were held in Temperate, Cold, or
Mediterranean climates [14], yet few (<20%) of
urban climate studies have addressed heat extremes
in (sub) tropical regions [15]. Based on the humid
climate, suggestions for the use of electric fans for
forced ventilation for competition breaks or in
spectator areas, and harnessing wind corridors in
the city, can substantially aid in evaporative cooling
from the skin and mixing of the air [16].

Paralympic athletes competing in Tokyo 2020 will
also be exposed to these conditions. Forty-four hun-
dred (4,440) athletes are expected to compete at the
Paralympics across 22 sports [17]. The thermoregu-
lation and performance of Paralympic athletes with
impairments of spinal cord injury (SCI), cerebral
palsy (CP), multiple sclerosis (MS), and amputees
are compromised as compared to able-bodied ath-
letes (see Griggs et al. [18] for a full review).

Predictions for heat preparedness

Advanced and accurate projections of the expected
late-summer weather conditions across the region

and within the city can augment preparedness and
ensure the provision of heat stress mitigation
resources for athletes, spectators, volunteers, and
coaches (e.g. Meehan et al. [19]). To further pre-
vent heat-related illness (HRI) and improve pre-
paredness, a climatologic risk assessment (a tool to
help organizations identify their climate-related
risks and thus improve event management strate-
gies) is valuable to include in the planning of the
Olympics, venue selection, and making informed
decisions to avoid potential over-exposure to heat
and thus HRI [8]. Researchers have yet to take a
deeper look at the atmospheric drivers for prob-
able thermal and moisture extremes (notably
within the hotter/wetter regime) in Tokyo prefec-
ture in late-summer 2020. Although select urban-
scale heat studies in Tokyo have been presented (e.
g. Honjo et al. [20] Matzarakis et al. [12]), none
have connected planetary and regional extremes
with local “hot spots” and event timing and
duration.

Accordingly, the current paper connects past
weather patterns indicative of the most extreme
heat in Tokyo—including large-scale climatology,
regional weather and climate, and intra-urban
microclimates—to human health concerns of HRI
and exertional heat illness (EHI). Specifically, we
explore:

● Connections between historical regional
(Tokyo metropolis) wet bulb globe tempera-
ture (WBGT) extremes and planetary ocean-
atmosphere dynamics;

● Identification of local intraurban air tempera-
ture levels impacting specific venues in rela-
tion to duration and time of event.

These spatial scales combine to affect heat exposure
of Olympic and Paralympic athletes competing in
outdoor events at the Games. Our intention is to
identify the planetary dynamics that best explain
probable teleconnection to August weather in
Tokyo. Since planetary dynamics start in the months
and weeks prior to August 2020, they may be
observed and used to support lead-time prepared-
ness to aid athlete, worker, volunteer, and spectator
safety. Specifically, the dynamics could indicate the
general tendency for August to have “average” or
“above/below” average heat and humidity. We first

192 J. K. VANOS ET AL.



provide a background and primer on the planetary
climatology and teleconnections affecting Tokyo’s
late-summertime weather.

Climate background and overview: Tokyo,
Japan

In recent years, the Japan Meteorological Agency
(JMA) has reported above-normal air tempera-
tures (Ta) (+0.5–1.5°C) in Tokyo in June, July,
and August (JJA), with numerous recent studies
investigating Japan’s anomalous summer climate
[3,21–23]. In particular, Enomoto et al. [3] and
Wakabayashi and Kawamura [22] uniquely iso-
lated August from the other summer months as
the atmospheric dynamics exhibit a sharp turn
from conditions in early summer (June–July).
Enomoto et al. [3] describe this change as a “con-
vective jump” that weakens the Baiu front of June–
July, which gives rise to the Bonin High in eastern
Japan. The Bonin/Ogasawara High (BOH) is

centered above the Ogasawara Islands 993 km
(617 miles) southeast of Tokyo (see Figure 1) and
is the predominant regional weather system in
August. These high-pressure systems, in general,
deliver higher Ta to Tokyo in August, and may
also alter the direction of typhoons (e.g. will have
to move around the high-pressure system), which
tends to protect Tokyo from typhoons.

Planetary and regional climate dynamics

Local weather is a manifestation of planetary and
regional climate dynamics interplaying with local geo-
graphy (such as mountains and marine environ-
ments). The El Niño Southern Oscillation (ENSO) is
one such interplay associated with Tokyo weather,
which creates significant sea-surface temperature
(SST) changes across a large swath of eastern and
central Pacific (80°W–160°E, 5°N–5°S) (grey and
blue equatorial regions of Figure 1). This particular
swath of the Pacific Ocean is significant because its

Figure 1. Overview of scales and atmospheric predictors affecting Tokyo’s weather. (a) Large-scale (planetary) displaying Niño
Regions. We used NINO3 and NINO3.4 in this study [Source: National Oceanic and Atmospheric Administration (NOAA, 2019),
National Center for Environmental Intelligence (NCEI)]. (b) Synoptic scale – Country of Japan. (c) Regional scale showing MERRA-2
grid boxes over the Tokyo region at the meso-scale. BH, Bonin High. WJ (upper-level flow) and PJO (lower-level flow) also shown.
See Figure 2 for intra-urban microscale and locations of venues within the city region. Conceptually, our large-scale analysis uses
A, B, and C; the local microclimate was assessed separately in the current paper based on the weather station network to create
Figures 4 and 5.
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atmosphere-oceanic dynamics are well known to
influence weather in many localities across the planet,
and hence it is well studied [24–27] and has attracted
interest in the climate and health community [28,29].
This type of influence is called a teleconnection,
defined as the “linkage between weather changes occur-
ring in widely separated regions of the globe” (e.g.
weather in New York, NY, USA can be influenced
by SST in equatorial Pacific) [30].

ENSO itself is described based on 1) phase: a
positive or negative oscillation (fluctuation), and
2) intensity: the intensity of the oscillation. Both
phase and intensity are measured by SST anomalies
(difference from normal) in the central and eastern
tropical Pacific Ocean across a 3-month running
mean. An El Niño signal, or positive phase (+),
indicates warmer SSTs, while a La Niña signal, or
negative phase (–), presents cooler SSTs. The cooler
SSTs are caused by strong easterly trade winds that
increase cold water upwelling in the eastern tropical
Pacific. These winds also blow warm water west
toward Asia, with implications of high air tempera-
tures in ENSO regions, like eastern Japan. Thus, a
strong La Niña year has historically brought war-
mer weather to Japan in late summer and a lower
number of typhoons, as inferred by Nitta [31].

The intensity of each phase is designated based
on the following SST anomaly (difference from
normal) ranges:

● “Neutral” (� 0.5°C);
● “Weak” (� 0.5°C to 0.9°C);
● “Moderate” (� 1.0°C to 1.4°C);
● “Strong” (� 1.5°C to 1.9°C);
● “Very Strong” (≥ � 2.0°).1

Hence, it follows that an El Niño (La Niña) would
have higher (lower) SSTs compared to neutral con-
ditions. Japan is also more sensitive to the La Niña
phase weather patterns related to extreme heat
events [21,32–34]. ENSO forms several months
ahead of observed/analyzed teleconnection impacts
[27,35]. Thus, given that Japan is in a known tele-
connection area, understanding ENSO’s long-term
relationship with Tokyo’s daytime WBGT levels in
August, specifically, could lend predictive value for
gauging the probable average and potential anom-
alous (lower or higher) heat levels during the
Olympic and Paralympic Games.

The ENSO transition (known as the “spring pre-
dictability barrier”) occurs in March, April, andMay
(MAM) for the northern hemisphere, and is thus a
critical time for predicting possible weather anoma-
lies in late summer/early fall for teleconnection areas
[36], such as Tokyo. Thus, the ENSO tendency is
often announced by national weather services in
MAM to forecast the rest of the ENSO year, which
ends in August (see Supplemental Material). A
review of observational data (e.g. ENSO phase and
intensity) at that time could give more precise gui-
dance for atmospheric tendencies (e.g. below, aver-
age, or anomalous warmth in Tokyo) for the
Olympic and Paralympic period. Currently (as of
March , 2020), neutral conditions are persistent in
the equatorial Pacific. These conditions are favored
through spring 2020 (~65% chance), and are
expected to continue through summer 2020 (55%
chance) [37]. The latest probabilistic models also
show a strongly enhanced probability (70%) for
above normal 2 m air temperatures and SSTs in
July in Japan [38] (see also Supplemental Material).

Figure 2. General timeline used within the current study to relate prior months of the year to the WBGT levels experienced in Tokyo,
based on El Nino Southern Oscillation (ENSO) seasons. SON: September, October, November (Season 1); DJF: December, January,
February (Season 2); MAM: March, April, May (Season 3); JJA: June, July, August (Season 4).
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ENSO regions, regional dynamics, and Tokyo
weather

Here, we draw attention to the ENSO regions of
NINO3 and NINO3.4 (Figure 1). NINO3 is the
original zone of study for teleconnection patterns.
In the mid-to-late 1990s, the NINO3.4 zone
further west (which adjoins portions of NINO3
and NINO4) demonstrated even greater telecon-
nection correlations [35]. The Pacific Japan
Oscillation (PJO)—an atmospheric near-surface
flow (850hPa) located southeast of Japan—is
coupled with ENSO and has also been shown to
influence Japan’s weather [31,33] and may contri-
bute to local Tokyo weather (see Table 1). A posi-
tive PJ index (PJI) is associated with La Niña (and
thus generally hotter more humid air conditions in
Tokyo) and a negative PJI is associated with El
Niño (cooler air conditions) [21].

An upper-level (200hPa) fast-moving wind—the
West-Asia Jet (WJ)—located to the west of Japan
—is also linked to ENSO, yet the physical relation-
ship requires further research [3]. The WJ is an
outflow from atmospheric processes further east
and is associated with the Asian/Indian Monsoon
[3,39]. In eastern Japan, higher air temperatures
are shown to be positively influenced by the PJO
[22]. Finally, air–sea interactions that develop
from ENSO can influence Rossby wave excitation,
which is a significant planetary wave that can
modulate regional circulations such as the WJ

and PJO [40]. Detailed descriptions of PJO and
WJ indices, and further ENSO information, are
found in Table 1 and Supplemental Material.

Methodology

The methods herein are presented from large-scale
(planetary) to regional and small-scale (urban)
influences on Tokyo’s late summer weather.
While hot and humid conditions are expected
given Tokyo’s climate, planetary-to-regional
weather patterns/teleconnections may cause even
worse (or better) conditions. By analogy, our
approach is akin to initiating a gym “battle rope”
(e.g. ENSO) and observing how it “activates” other
points (or nodes) (e.g. the PJO or WJ) down-
stream, which in turn can influence local Tokyo
WGBT. Unlike the rope, however, the atmosphere
is highly non-linear, yet these principles apply. At
a fine-scale, urban design may result in higher or
lower localized temperature, humidity, and radia-
tive loads affecting athletes, spectators, workers,
and volunteers.

The City of Tokyo and the 2020 Olympic and
Paralympic Games

August is the predominant month for competition
for both Olympic and Paralympic events and is thus
the temporal focus of this study. Tokyo prefecture

Table 1. Descriptions of the Pacific Japan Oscillation (PJO) and West-Asia Jet (WJ)—critical regional factors linked to the El Niño
Southern Oscillation (ENSO) as climate forcings. The connections of these forcings to “extraordinary” summers (hot or cool) in Japan
are also described in the final column.
Teleconnection Description Relationship to Tokyo’s weather

Pacific Japan
Oscillation
(PJO)a

An atmospheric surface-flow that occurs at the 850hPa (near surface)
level, with a general height range between 1.2 and 1.6 km above sea-
level. The PJO is typically centered near the Philippines and contributes
to the northward migration of tropical cyclones. The PJO pattern can
intensify the Bonin/Ogasawara High, but does not explain its existence,
only its variability in strength [3].
● Positive PJO → La Niña phaseb

● Negative PJO → El Niño phaseb

● Positive August PJO → enhanced typhoon/cyclone activityb [23].

● More hot and humid conditions are likely dur-
ing La Niña years, owing (in part) to the ENSO-PJO
dynamic.

● Positive PJO supports warmer and more humid air in
eastern Japan [23].

● Hot summers overall [22].

West-Asia Jet
(WJ)

An atmospheric upper-level fast-moving flow at the 200 hPa level,
with a general height range of 10–12 km above sea-level (the typical
“cruising altitude” of a long-distance flight). The WJ mainly develops,
in part, from excitations in the Indian Ocean, where atmosphere/ocean
and land interactions influence an upper-air regional flow in western
Asia [41].

● More significant in explaining the formation of the
August high-pressure system [3].

● Positive WJ enhances the Bonin/Ogasawara High →
higher temperatures in eastern Japan [3].

aPacific Japan (PJ) is often used as an abbreviation for PJO. The oscillation is measured as the Pacific Japan Index (PJI).
bAlthough studies have demonstrated these links, Tsuyuki and Kurihara [42] found no clear link between ENSO and the PJO.
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(139°E, 35°N) is the specific spatial focus, although
the marathon and race walk were moved north to
Sapporo (141°E, 43°N). The average high/low tem-
perature in Tokyo in August is 31/24°C (26/19°C for
Sapporo). When combined with intense relative
humidity (RH, averaging 73% in August) (e.g.
Figure 6 for daytime RH and Ta variations),
Tokyo’s heat index reaches an average August value
of 38.3°C (101°F). Tokyo further experiences ~5.8
tropical storms on average in August, which can
affect water conditions (temperature, pollution) [43].

The 2020 Olympics and Paralympics will con-
sist of 33 and 22 sporting events, respectively,
across 43 venues (26 outdoor) (Table 2). Most
locations are within the greater Tokyo area, with
locations mapped in Figure 2. However, specific

venues (e.g. marathon, race walk, cycling, golf)
are far from the city center.

Meteorological and climatological data sources

Each spatial scale of data used herein is presented in
Figures 1 and 2. Below, we first address the large-scale
planetary dynamicsmethods (Large-Scale Climatology
& Teleconnections) (encompassing teleconnections
across the Pacific Ocean). Second, we examine regio-
nal dynamics using re-analysis meteorological data
(MERRA-2 data). Finally, intraurban microscale tem-
peratures across Tokyo are assessed with ground-
based weather station data (Micrometeorological sta-
tion data for intra-urban mapping). These spatial
scales provide an in-depth, multi-scale exploration of
the projected heat extremes in Tokyo in August 2020.
The temporal scales analyzed are described in each
section.

Large-scale climatology & teleconnections
Given that specific features of ENSO (PJO/La Niña)
have been linked to anomalous higher temperatures
and humidity in Japan [21–23,33], we assess the
associations between ENSO and how its character-
istics lend to probable thermal and moisture
extremes in Tokyo’s summers—notably within the
hotter/wetter regime—and thus a higher or lower
WBGT. ENSO data, specifically NINO3 and
NINO3.4, were sourced from the NOAA/NCEP
Climate Prediction Center (2019) [44].
Geopotential height anomaly data at 850hPa and
200hPa were obtained from the NCAR/NCEP global
Reanalysis I dataset [45], and were normalized to
1981–2010 climate average. The 850hPa data were
used to calculate the PJI, and the 200hPa data were
used to calculate the WJ Index (WJI).

To identify the ranking and strength for ENSO
within region NINO3.4, we utilized the NOAAEarth
System Research Laboratory’s (ESRL)“Top 24 stron-
gest El Nino and La Niña events by season, 1895–
2015” [46]. We also used the Indian Institute of
Tropical Meteorology’s “Interannual Variations of
Indian Summer Monsoon” dataset to obtain signifi-
cant monsoon flood and drought years from 1871 to
2015, as monsoon activity can impact the WJ [47].

Finally, we caution that while we earlier refer-
ence to the BOH, we did not directly study the
BOH, as the WGBT is more hyper-local and

Table 2. Venue name and number for each sport corresponding
to Figure 3. Note most outdoor Paralympic venues match that of
the Olympic venues for the corresponding sport apart from venue
26.
Venue
No. Sport Venue name/location

1 Swimming
marathon

Odaiba Marine Park

2 Archery Yumenoshima Park Archery Field
3 Athletics Olympic Stadium
4a Race walk Sapporo, Japan
5a Marathon Sapporo, Japan
6 Baseball/Softball Yokohama/Fukushima Azuma stadium
7 Canoe Slalom Kasai Canoe Slalom Centre
8 Canoe & Kayak

Sprint
Sea Forest Waterway

9 Cycling (BMX) Ariake Urban Sports Park
10b Cycling (Mtn

Bike)
Izu MTB Course

11b Cycling (Road) Fuji International Speedway
12 Equestrian Equestrian Park
13a–f Football 13a Tokyo Stadium

13bb Kashima Stadium
13cb Miyagi Stadium
13d Saitama Stadium
13eb Yokohama Int. Stad.
13f Olympic Stadium (venue 3)

14b Golf Kasumigaseki Country Club
15 Hockey Oi Hockey Stadium
16 Mod. Pentathlon Tokyo Stadium & Musashino Forest

Sports Plaza
17 Rowing Sea Forest Waterway
18 Rugby Tokyo Stadium
19 Sailing Enoshima Yacht Harbour
20 Shooting Asaka Shooting Range
21 Skateboarding Ariake Urban Sport Park
22b Surfing Tsurigasaki Surfing Beach
23 Tennis Ariake Tennis Park
24 Triathlon Odaiba Marine Park
25 Beach Volleyball Shiokaze Park
26 Football 5-a-Side Aomi Urban Sports Park

a Events moved to Sapporo Japan. b Events not shown on map; outside
of grid boundaries.
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pertinent to those attending the Games. In some
ways, however, the WGBT is a pseudo-proxy for
the BOH intensity since it is a comprehensive heat
metric that includes other factors that are also
related to high-pressure systems (e.g. high air tem-
perature, low winds, high solar radiation/lack of
clouds).

MERRA-2 data
Hourly meteorological data (Ta, RH, windspeed,
and solar radiation) were obtained from the second
Modern-Era Retrospective Analysis for Research
and Applications (MERRA-2) of 1980–2016 [48].
MERRA-2 is a National Aeronautics and Space
Administration (NASA)-developed atmospheric

reanalysis dataset that provides global data at a
0.6258° � 0.58° longitude-by-latitude resolution.
Further, MERRA-2 provides a complete long-term
record needed for our comparison with ENSO.

We selected the grid cell located nearest to Tokyo
(grid centroid 35.5°N, 140°E). Themaximumdaytime
WBGT values (Wet bulb globe temperature heat
metric) match closely with ground-based station data
(see Supplemental Material). We further integrate the
MERRA-2 WBGT data for daylight hours (~0500h–
1900h) with the climatological indices (ENSO, PJI,
WJI, and WGBT) to perform principal component
analysis (PCA) given the temporal compatibility
between datasets within a climatological time frame
(20–30 years).

Figure 3. Tokyo map of outdoor venue locations. See Table 2 for venue names and sports at each location.
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Micrometeorological station data for intra-urban
mapping
Hourly August Ta and RH data were obtained
from 24 stations within the Tokyo metropolis
from two sources for 2008–2018:

(1) The Air Quality Monitoring System
(AQMS), which provides both RH and Ta.
The AQMS network continuously measures
meteorological parameters and air pollution
using sensors from HORIBA, Ltd.

Figure 5. Intraurban temperature variability of midday (1200–1500 hr) air temperatures, showing (a) average across the 3-hr period,
and (b) average of the maximum within the 3-hr period, for August 2008–2018 in the Tokyo region using random forest-based
regression kriging (RFRK). Circles indicate venue numbers and star is Olympic stadium (see Table 2 & Figure 3 for reference).

Figure 4. Intraurban temperature variability of “daytime” (0500–1900 hr) air temperatures at a 500 m scale, showing (a) average
across the day, and (b) average of the maximum daytime air temperatures, for August 2008–2018 in the Tokyo region using random
forests-based regression kriging (RFRK). Circles indicate venue numbers and star is Olympic stadium (see Table 2 & Figure 3 for
reference). To clearly show the spatial variations between Figures 4 and 5, the scales of mean temperature and the scales of max
temperature are matched.
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(2) The Automated Meteorological Data
Acquisition System (AMeDAS). The
AMeDAS network is a collection of ~1300
Automatic Weather Stations (AWSs) run by
the JMA in collaboration with the WMO for
weather observations to support real-time
monitoring of weather conditions with
high temporal and spatial resolution [49].
We also used an AMeDAS station from
Sapporo. The AMeDAS stations employ
Meisei Electric Co. Ltd. Sensors [50,51].

Note that these stations do not measure solar
radiation and thus WBGT was not calculated in
the intra-urban analysis.

Data analysis for large-scale prediction of
extreme heat

Wet bulb globe temperature heat metric
The WBGT will be used by the International
Olympic Committee (IOC) for heat protection in
athletes at Tokyo 2020. Meteorological inputs from
MERRA-2 data were used to compute the Tokyo-
wide (mesoscale, Figure 1, box C) daytime average
WBGT using the Liljegren et al. [52] model, with
inputs of Ta, RH, windspeed, and solar radiation to
calculate the Tg and Tw, as follows:

WBGT ¼ 0:7Tgþ0:2Twþ0:1Ta (1)

The Liljegren model has been extensively tested in
a variety of climates, including humid subtropical,

and found to be accurate to within 1°C [52,53].
The WBGT is a “first approximation of heat
stress” [54], and is designed to capture the various
meteorological influences on heat stress, including
radiant heat, vapor pressure, Ta, and windspeed,
and is thus a more comprehensive indicator of
heat stress than Ta alone [55]. However, it is
important to note that while the use of WBGT is
widespread, it is not without limitation (e.g.
accounting for very high humidity, clothing)
[54,56], and does not always respond like the
human body, as a heat strain index would. It was
specifically designed in a hot and humid climate to
limit heat illness and death during activity (mili-
tary, athletes, etc.) [57–59] and is a widely used
metric in the global athletic community [8,60–62].

For Tokyo in August, the relevant WBGT activity
modification and associated risk thresholds from
existing literature for athletes are: 25.7–27.8°C “risk
for unfit, non-acclimatized individuals is high”; 27.9–
30.0°C “cancel level for exertional heat stroke risk”;
30.1–32.2°C “cancel or stop practice and competi-
tion”; ≥32.3°C “Cancel exercise” [62,63].

Large-scale teleconnection pattern
Wakabayashi and Kawamura [22] identified the
upper- and mid-air dynamics that influence sum-
mer extremes in Japan. They also found that
August in eastern Japan had the highest positive
correlation with the PJI, a near-surface (850hPa
flow), and some association with the WJ, which
is measured at the 200hPa level (approximate level

Figure 6. (a) Mean air temperature and (b) and relative humidity diurnally for August across 10 years (2009–2018) from AQMS
stations (20) and AMEDAS stations (4).
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of commercial air flights). The WJI and PJI were
calculated in the current analysis as follows:

PJI ¼ Z�
850 155�E; 35�Nð Þ � Z�

850 125�E; 22:5�Nð Þ� �

2
(2)

where, Z is the geopotential height shown in sub-
script (i.e. 200hPa and 850hPa for WJI and PJI,
respectively) at the geo-locations given in parenth-
esis. Z is a height calculation (m) that factors in
the gravitational pull on a fluid layer. Changes in
fluid density (which are tied to temperature), for
example, can alter how gravity pulls on the layer
and therefore its height above sea-surface.

Principal Components Analysis (PCA) & WBGT
quartiles
We conducted a PCA as a dimension-reduction
method, using an orthogonal transformation, to con-
vert our set of correlated predictor variables of August
daytime WBGT into a set of linearly uncorrelated
principal components (PCs). Our predictor variables
were: (1) local meteorology (namely solar radiation,
moisture, and winds combined as the WGBT
variable)2; (2) NINO3 and (3) NINO3.4 anomalies;
(4) PJI and (5) WJI. The PCA method essentially
allows us to determine (or “tease out”) which of the
five predictor variables, and at what time of year (e.g.
previous MAM), are playing the main role in causing
a higher or lower mean daytime August WBGT value
in Tokyo. Thus, we also looked at these variables
within four seasons (based on traditional ENSO sea-
son parameterizations): September, October,
November (SON of previous year), December,
January, February (DJF, 1-month previous year, 2-
month current year), MAM, and JJA, as shown in
Figure 2. The final simple PCA matrix was five pre-
dictive meteorological variables � four ENSO sea-
sons across 36 years, and was used to create the
uncorrelated PCs to predict August mean daytime
WBGT. Given the dynamic feedback between our
variables (for example, the SSTs for NINO3 and
NINO3.4 can be highly correlated due to their close
geophysical proximity), the use of PCA allows us to
understand and scale the individual forcings from
each (see also Richman [64] Figure 9). In summary,
our matrix was designed to study the effect of ENSO

season on regional and local atmospheric dynamic,
over 36 years, which is an appropriate range that
would give us a climate signal.

As we are looking for lead-time awareness, we
eliminated the August WGBT 1980 datum from our
calculation to initiate the sequencing such that SON
ENSO 1980 data were analyzed as a potential forcing
potential onAugust 1981WGBTvalues, and so on, for
the subsequent years. PJI and WJI values by ENSO
seasonwere also analyzed andused � 0.50 as the PCA
cutoff value. From the output correlation covariance
matrix, coefficient (eigenvalues) of 1 were retained in
our unrotatedmatrix, representing PCs that explained
80% of the total variance. Given that the variance
explained was so high, we did not rotate the matrix.
We then more deeply analyzed the variables that
explained ~90% of the variance within each
component.

Finally, we calculated the quartile indices of the
local WGBT, binning the values in the 25th, 50th,
75th, and 100th percentiles. We ran two-tailed t-tests
to determine the significance between the means of
each quartile and determine partition thresholds.
Each quartile was then qualitatively assessed alongside
historical ENSO data from the JMA and NOAA/
NCEP Climate Prediction Center [44] to ascribe the
ENSO phase, duration in phase, and intensity for
NINO3 and NINO3.4, respectively, by WBGT quar-
tile. This method was conducted to better understand
the other characteristics of ENSO that the PCA may
be identifying.

Intraurban heat mapping

To further explore and demonstrate finer-scale
variability in urban heat exposures, we utilize the
24 weather stations noted above (2008–2018 inclu-
sive). It is important to note that 10 years of data is
a relatively short period given a climate time scale;
however, AWS data are limited to this time frame.
These data and related analyses are not connected
to the large-scale analysis.

From the AWS data, we created continuous
spatial surfaces at a 500 m resolution for day-
time air temperatures (0500 h–1900 h) using
random forests-based regression kriging
(RFRK), essentially “filling in” gaps where sta-
tions are not present using related land-use
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information [65,66]. The RFRK integrates five
environmental variables that were found to sig-
nificantly correlate with Ta from the 24 stations.
These variables include normalized difference
vegetation index (NDVI), brightness of night-
time lights (NTL), land elevation, and land sur-
face temperature (Tsfc), as well as station-based
RH. Each are described below:

(1) The 16-day NDVI (MOD13A1) images col-
lected in August during 2008 and 2018 were
obtained from the U.S. Geological Survey
(USGS) [67] at a 500 m spatial resolution.
These images were aggregated into one
image to show the average NDVI during
the study period.

(2) Brightness of NTL data were retrieved from
the monthly VIIRS-DNB3 product at a
500 m resolution from the NOAA Centers
for Environmental Information [68]. Land
surface temperature taken by MODIS4 has
been widely employed to predict Ta [69],
and so was adopted as a predictor in the
RFRK model.

(3) The 8-day land surface temperature
(MOD11A2) products taken in August dur-
ing 2008–2018 at 1 km spatial resolution
were retrieved from USGS [67] and com-
bined into one image to represent the mean
land surface temperature.

(4) Digital elevation was used as an estimator to
account for the impact of terrain features on
Ta. These data were obtained from the
Global Land 1 km Base Elevation digital
elevation model.

All satellite images were resampled to the same
spatial resolution (i.e. 500 m) through a bilinear
approach [66] and further applied to the RFRK
model to produce the spatial surfaces for Ta.
Detailed information on the RFRK method can
be referred to elsewhere [65,66,70]. The brightness
of NTL and NDVI have proven to be good proxies
for anthropogenic activity, which has a large
impact on Ta in urban areas [71]. The daytime
(0500–1900 hr) and midday (1200–1500 hr) aver-
age and maximum Ta were calculated for the loca-
tion of each venue, with daytime values aligning
with MERRA-2 data used (and daylight hours),

and midday hours similar to Gerrett et al. [9]
who found this period to be the hottest time of
day during the Olympics.

Results

Regional long-term WBGT levels

General regional WBGT data from MERRA-2
calculations display daytime average values ran-
ging from 25.8°C to 29.1°C in Tokyo in August
between 1980 and 2016, where the highest day-
time mean WGBT (29.1°C) was in 1996. The 35-
year average daytime WGBT in August was 27.0°
C between 1980 and 2016. More recently, daytime
WBGT values in August for 2012–2014 were in
the highest quartile (28.43–29.12°C), with 2015
and 2016 in the second-highest quartile (27.86–
28.19°C) (these data are presented within
Table 6).

Large-scale (Planetary) results: Principal
Components Analysis (PCA)
Tables 3 and 4 provide PCA coefficient and load-
ings, respectively. Overall, the ENSO seasons DJF
(coefficient: 2.1870) and JJA (coefficient 2.1718)
carry slightly higher coefficients over the transi-
tional seasons. The findings support a particular
seasonal excitation of the Rossby wave, which is a
planetary wave that can influence regional circula-
tions [40], such as the PJO [21,22,33] and the
WJ [39].

Five PCs were identified, capturing the plane-
tary, regional, and local meteorology (WGBT as an
index of solar, moisture, and wind combined)
impacts on mean daytime WBGT in August in

Table 3. Principal component evaluation (PCA) of each ENSO
season. Higher coefficients indicate a stronger relationship
between the WBGT levels in August and the seasonal lead
time (previous season; e.g. previous December, January,
February (DJF) or June, Jun, August (JJA), etc.). Lead times of
DJF and JJA have the strongest relationship, indicating possible
planetary wave excitation in those seasons as a result of the
air–sea interactions in the ENSO region. It is possible that the
slightly higher coefficient scores are indicating Rossby wave
excitation, and that such activation is strongest in DJF with
another pulse in JJA.
SON (season 1)
coefficient

DJF (season 2)
coefficient

MAM (season 3)
coefficient

JJA (season 4)
coefficient

2.0939 2.1870 2.0721 2.1718
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Tokyo. The physical explanation of these findings
are as follows, from the most important (PC1) to
least important (PC5):

PC1: All ENSO seasons loaded NINO3 and
NINO3.4 into PC1, indicating that air–sea inter-
actions in this Pacific region (see Figure 1) for all
seasons are a significant contributor to August
WGBT in Tokyo.

PC2: Both regional circulations (WJ and PJO)
loaded on PC2, but differently across seasons.
Positive PJO and negative WJ appeared in SON and
DJF (and almost MAM), while only WJ in MAM and
JJA. These findings make physical sense as the WJ
does not have a signal (and is thus not connected to
August Tokyo WBGT) Oct–Feb, whereas the PJO is
significantly connected to WBGT at this lead time.

PC3: Seasonal differences loaded onto PC3.
Here, local meteorology was a significant forcing
for SON, DJF, and MAM, but the PJO loaded here
for JJA. While further analysis is needed, we
believe that the change in loading of local meteor-
ology in JJA (versus the other ENSO seasons) is
indicative of a change in fronts that is different
from the others (e.g. a seasonal frontal system,
called the Baui front, moves in early summer and
is then displaced by BOH development in August
that brings high pressure and clearer skies).

PC4: The regional circulations appear again, yet
differently across seasons. The PJO/WJ loaded in
PC4 in SON, DJF, and MAM. Conversely, a nega-
tive WJ and local solar/moisture loaded for JJA.5

PC5: While PC5 represents lower importance to
explaining August WGBT values, it is critical to
note that a positive NINO3 state in SON, DJF, and
MAM bears more correlation than NINO3.4,
which has a negative relationship in these seasons.
However, NINO3.4 in JJA has a higher correlation
with August WGBT compared with NINO3 in that
season.

Table 5 presents the variance explained by each
PC. Each ENSO season captured a total of 99.9–
100% of the variance in daytime August WGBT,
which is an indicator that the most relevant and
pertinent flows for Tokyo weather were captured,
and that each ENSO season and NINO3/NINO3.4
regions have variable forcings on Tokyo’s August
WGBT values.

The three most important variables are NINO3,
NINO3.4 (NINO3/NINO3.4), which together
explain about 70% for each season; adding the
PJO bring the strength to 90%. Specifically:

● NINO3 was the most significant variable for
all seasons, explaining slightly more variance

Table 4. Principal component analysis (PCA) loading scores (by ENSO season) indicate which variables play a main predictive role for
daytime average August WBGT levels and in which season. Given that mid-latitude atmospheric systems are inherently non-linear,
and given the high auto-correlation between our variables (e.g. ENSO can give rise to PJI features [21], we used ±0.50 as the PC
cutoff value). Recall that for predicting the levels in August, SON and DJF loadings are for the previous year, and MAM and JJA are for
same year (see Figure 2).
Meteorological Season Variables PC1 PC2 PC3 PC4 PC5

September-October-November (SON) var1 (NINO3) 0.650 –0.245 –0.093 0.095 0.707
var2 (NINO3.4) 0.637 –0.285 –0.127 0.018 –0.705
var3 (PJI) 0.213 0.698 –0.088 0.676 –0.056
var4 (WJI) –0.342 –0.596 –0.208 0.695 –0.013
var5 (local meteorology)a 0.092 –0.127 0.961 0.223 –0.032

December-January-February (DJF) var1 (NINO3) 0.600 0.365 0.020 –0.055 0.709
var2 (NINO3.4) 0.579 0.414 0.013 0.015 –0.702
var3 (PJI) –0.371 0.592 0.105 0.706 0.060
var4 (WJI) 0.390 –0.543 –0.257 0.698 0.011
var5 (local meteorology) 0.125 –0.223 0.960 0.111 –0.009

March-April-May (MAM) var1 (NINO3) 0.645 0.191 0.166 −0.064 0.718
var2 (NINO3.4) 0.624 0.236 0.229 –0.161 –0.691
var3 (PJI) –0.176 0.666 0.236 0.686 –0.013
var4 (WJI) 0.398 –0.477 –0.364 0.689 –0.085
var5 (local meteorology) –0.075 –0.487 0.855 0.160 0.013

June, July, August (JJA) var1 (NINO3) 0.615 0.192 –0.283 0.141 –0.697
var2 (NINO3.4) 0.617 0.224 –0.259 –0.010 0.709
var3 (PJI) 0.178 0.401 0.807 0.396 0.019
var4 (WJI) –0.205 0.761 –0.032 –0.609 –0.082
var5 (local meteorology) –0.410 0.417 –0.449 0.672 0.071

aSolar, moisture, winds, temperature combined for previous ENSO season WGBT.
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in DJF (43.74%) and JJA (43.33%) than in
SON (41.88%) or MAM (41.45%)

● NINO3.4 was the second most significant
region of influence in MAM (30.69%), followed
closely by SON (29.76%) and DJF (29.41%).

● PJ was most prominent in SON (20.33%) and
JJA (20.13%), indicating the dominance of the
PJ (a largely summer/late summer circulation
from Tokyo’s south) on WGBT levels. Its
relatively high value (19.26%) in DJF (which
is “off-season” for the PJO) may indicate
Rossby wave excitation that affects flows in
the PJOregion of the Pacific tropics.

● The remaining artifacts (WJ and local
meteorology) are more situational. They are
less effective in explaining WBGT levels in
August in Tokyo, the latter owing to solar
and moisture being a byproduct of the larger
planetary/regional circulations and subse-
quent frontal systems that change in summer.

WBGT quartiles: Results & qualitative analysis
Through segmenting the MERRA-2 WGBT data
by quartile (Q) (see Table 6), we investigated the
commonalities among our variables that seem to

describe the given quartiles, where Q1 represents
the lowest mean daytime WBGT in Tokyo in
August, and Q4 the highest. All mean WBGT
values are significantly different from each other
(p < 0.05), and thus the mean WBGT in each
quartile is distinct, which is a key indicator that
separate atmospheric processes likely explain the
resulting WGBT values in Tokyo.

Q1 and Q2 (coolest) are both El Niño-centric
(with four and six events, respectively), and both
had two La Niña events each. However, Q1 is
linked to more neutral phases (four) versus Q2
(one). Q1 and Q2 had six Asian/Indian Monsoon
events, whereas Q3 and Q4 each had one monsoon
event, respectively. Further, Q3 and Q4 (warmest)
both show a La Niña dominant pattern (with four
and five events, respectively), and had a similar
number of “neutral” events (two and three, respec-
tively) and El Niño events (two and one,
respectively).

The largest distinction between Q3 and Q4 is in
the duration of the ENSO phase in both NINO3/
3.4, especially for the La Niña events. In Q3,
NINO3.4 enters a La Niña phase earlier
(~1.5 months) than NINO3. In Q4, NINO3 exhi-
bits a La Niña phase for 11.5 months, again
~1.5 months earlier than NINO3.4. While the
PCA identified temporal (e.g. ENSO season) and
spatial (ENSO, PJO, or WJ) domains, the quartile
analysis added critical context on the type, or
“flavor” of ENSO identified by the PCA.

As each WGBT quartile contained a “neutral”
phase (currently predicted for 2020) we explored
the solar and moisture tendencies of each of the 11
neutral events. Using monthly averaged daytime
(0500–1900 hr) solar radiation, RH, and dew point
temperature—for our period of record—we found
that solar radiation was most intense in Q3 and Q4
(highest WBGT values) during neutral events (five
total between Q3 and Q4), with lower moisture
profiles. This finding indicates that increases in
radiation dominate discomfort at the highest
WBGT in Tokyo during an ENSO neutral year,
which is most probable in August 2020 [37].
Conversely, during neutral years in Q1 (five
events), moisture levels dominated relative to Q4.

Overall, the PCA and quartile analysis indicate
the following in predicting mean daytime WBGT
levels in Tokyo in August:

Table 5. Percent variance explained by each of the five PC
variables in predicting the mean daytime WBGT in August
within each ENSO season. Notable findings are bolded, and
variables are ranked from highest explanatory power to lowest
with 99–100% variance explained by our variables, we reason-
ably determine that the pertinent variables for Tokyo’s mean
daytime WGBT in August are isolated, with NINO3, NINO3.4 and
PJ being the most important. Note that DJF and JJA explain the
most variance in NINO3, whereas NINO3.4 is a greater factor in
MAM. Overall, however, NINO3 is the dominant forcing on
Tokyo WGBT, which is consistent with other findings (e.g.
Urabe and Maeda [34]). MAM is the only season with a relevant
coupling with NINO3.4. The PJ is a significant factor in SON and
JJA, indicating the dominance of the PJ (a largely summer/late
summer circulation from Tokyo’s south) on WGBT levels. DJF:
December-January-February; MAM: March-April-May; JJA: June-
July-August; SON: September-October-November.

Prior season to August

Variable SON DJF MAM JJA

NINO3 41.88 43.74 41.45 43.33
NINO3.4 29.76 29.41 30.69 25.29
PJ 20.33 19.26 16.80 20.13
WJ 7.52 6.99 8.90 9.40
Local meteorologya 0.51 0.59 2.20 1.74
Total variance 100% 99.99% 100% 99.89%

aSolar, moisture, winds, temperature combined for previous ENSO
season WGBT.
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● Low WGBT values are associated with a neu-
tral or El Niño phase.

● Moderate WGBT values are associated with a
neutral or El Niño phase.

● High WGBT values are most influenced by La
Niña, and both NINO3 and NINO3.4 regions,
but NINO3 is noticeably a stronger influence
for Tokyo.

● The highest WGBT values exhibit the stron-
gest La Niña features and longer duration in
that phase for both NINO3 and NINO3.4
regions.

Pacific-Japan oscillation analysis
An analysis of the PJI by ENSO season and WGBT
quartile was conducted to identify the features of
the PJO in SON, DJF, and JJA that can explain
August WGBT in Tokyo. Total ENSO season med-
ian PJI was calculated and used to discretize PJI by
WGBT quartile. We found a pattern in SON and
JJA where PJI quartiles (Pq) could explain cool/
warm WGBT in ENSO neutral and El Niño phases
for SON and neutral for JJA. A La Niña phase, it
should be noted, showed zero pattern consistency
in each ENSO season. This finding is shown in
graphical form and further examined in the
Supplemental Material. We do, however, see a
periodic pattern of the PJI within each WGBT
quartile when the data are grouped by neutral, El
Niño, and La Niña.

Intraurban heat variability

Figures 4 and 5 display the air temperature varia-
bility across Tokyo prefecture in August (Sapporo
not shown) using the RFRK method. Results
focus on the daytime (0500–1900 hr) and midday
(1200–1500 hr) periods, showing the mean day-
time Ta (�Ta) across 10 years, as well as the average
daytime high temperature (�Tmax). While slight
variation is seen across the city, most venues are
not located in the absolute hottest location (based
on daytime �Ta), and minimal variation overall is
present (<1.2°C and 1.7°C difference for mean Ta

and �Tmax, respectively). The mean daytime and
midday Ta across all outdoor venues average
28.7°C (range 0.6°C) and 30.6°C (range 0.7°C).
Similarly, the respective Tmax have minimal

variability between venues [31.1°C (range 0.6°C),
versus 31.2°C (range 0.7°C)]. The similarity of the
latter �Tmax between daily and midday indicate
that the highest Ta at the venues occurs between
1200 and 1500 hr. Hourly August averages and
ranges for each station can be seen in Figure 6.

Importantly, these daytime �Ta indicate very hot
conditions expected based on a 10-year station
climatology, with little variation expected between
the venues given the conservative nature of chan-
ging Ta [72], the long-term averaging used, and
standardized siting of AWSs. Most urban heat
studies utilize Tsfc to show intraurban temperature
variation, which has much less relevance for a
human’s thermal experience in a city compared
to solar radiation, wind, or humidity [73].
However, Tsfc is more accessible data (via remote
sensing) and can be changed through design (e.g.
surface type, color, and shading; building orienta-
tion), as shown by Vanos et al. [16] for the pre-
vious marathon course. Further, although shading
provides reprieve from the sun and lower Tsfc,
athletes will not be competing in the shade (yet
shading will be an important factor to protect
volunteers, workers, and spectators).

In comparing the venue �Ta, Tokyo Stadium
(football, rugby, modern pentathlon), Olympic
Stadium (athletics, football), Oi Hockey Stadium
(hockey), and Saitama Stadium (football) display
the highest daytime �Tmax and �Ta over the last
10 years (�Tmax, 31.3°C and �Ta,28.8°C); however,
as stated, minor differences are present in the
averages between all venues). Venues located on

or near the ocean show a slightly lower �Ta, yet still
average >30°C midday �Ta and �Tmax. Sapporo
shows significantly lower Ta, with a 10-year day-
time average of 23.6°C based on the AWS, reach-
ing a �Tmax of 26.3°C. For full results interpolated
by venue, see Table 7.

Although Ta is an important indicator of heat
stress, the event timing and length will likely be
more important for EHI and HRI protection and
planning (particularly given the overall similari-
ties between the �Ta across venues). Tables 8
and 9 display the events that have a large per-
centage of time during the hottest portion of the
day (midday) and event duration. Road cycling
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has ~45% of its events midday and is also the
longest event, with athletes at high metabolic
intensity throughout. Similarly, baseball and
softball are long events with a high proportion
of competition midday (43% and 37%, respec-
tively), yet have lower intensities and will be
closer to a location where athletes can seek cool-
ing and supplies.

Alternatively, sailing has the highest propor-
tion of their given competition hours midday
(48%), yet the length of competition is much
shorter, and the midday �Tmax is slightly lower
due to being near or on the water. Finally, golf
also depicts a high-risk situation based on event
length (4–5 h) and timing (37% midday) yet has a
lower metabolic intensity.

Almost all outdoor Paralympic sports will occur
during some portion of midday; however, the
events of greater concern are wheelchair tennis
and road cycling that take longer to complete,
are intense, and are held midday for 35% and
38% of the planned competition time for each

respective sport. In general, each event will require
unique heat-preparedness plans, but certain events
will be at a higher risk given the location, timing,
length, and intensity.

Discussion

Physical explanations: combining the PCA,
variance, quartile, and PJI analysis

We used stochastic methods (random probability) to
identify patterns of probabilities and patterns of
ENSO with mean daytime WGBT levels in Tokyo
for August across 36 years. The PCA identified
important spatial domains (NINO3 and NINO3.4)
that give rise to regional circulation (i.e. PJO);
together, the three predictors explain ~90% variance
in August daytime WBGT in Tokyo in the 36-year
period. Further, SST in winter (DJF) and height of the
850hPa atmospheric layer (PJ) in SON appear to be
the relevant temporal scales to observe potential setup
of patterns to better predict August WGBT range.

Table 7. Average and maximum air temperatures in Tokyo daytime (0500–1900 hr) and midday (1200–1500 hr) at each venue, for
the month of August (2008–2018). These weather stations are not located at venues; the data presented here are based on RFRK-
produced data for spatial interpolation (shown in Figures 4 and 5 maps). Further, some venues are outside the region (e.g. mountain
biking) and could not be included in the RFRK; thus, only venues within the Tokyo region are listed. SD: standard deviation.

Sport
Venue
no.

Mean daytime
Ta (°C)

Maximum
daytime
Ta (°C)

Minimum daytime
Ta (°C)

Mean midday
Ta (°C)

Maximum midday
Ta (°C)

Minimum
midday
Ta (°C)

Archery 2 29.0 31.5 25.2 30.9 31.6 30.4
Football 13d 28.8 31.4 25.1 30.9 31.5 30.1
Aquatics 1 28.7 30.9 25.6 30.3 30.9 30.2
Athletics 3 28.8 31.3 25.3 30.8 31.5 30.1
Canoe & Kayak 7/8 28.8 31.1 25.5 30.6 31.2 30.2
Cycling (BMX) 9 28.7 30.9 25.6 30.3 30.9 30.2
Equestrian 12 28.6 31.0 25.3 30.5 31.1 30.2
Football 13a 28.7 31.3 24.9 30.8 31.5 30.0
Football 13e 28.7 31.2 25.2 30.6 31.3 29.9
Football 13 f 28.8 31.3 25.3 30.8 31.5 30.0
Golf 14 28.6 31.1 24.8 30.6 31.3 29.9
Hockey 15 28.8 31.3 25.4 30.7 31.4 30.1
Mod. Pentathlon 16 28.7 31.3 24.9 30.8 31.5 29.9
Rowing 17 28.6 31.0 25.3 30.5 31.1 30.0
Rugby 18 28.7 31.3 24.9 30.8 31.5 29.9
Shooting 20 28.6 31.1 24.9 30.6 31.3 29.9
Skateboarding 21 28.7 30.9 25.6 30.3 30.9 30.2
Tennis 23 28.8 31.2 25.4 30.6 31.3 30.2
Triathlon 24 28.7 30.9 25.6 30.3 30.9 30.2
Beach Volleyball 25 28.7 30.9 25.6 30.3 30.9 30.2
Football 5-a-side 26 28.7 30.9 25.6 30.3 30.9 30.1
Baseball/Softball 6 28.8 31.2 25.3 30.7 31.4 30.0
Sailing 19 28.7 30.9 25.6 30.3 30.9 30.1
Average � SD (°C) 28.7� 0.08 31.1� 0.17 25.3� 0.26 30.6� 0.20 31.2� 0.20 30.1� 0.12
Range (°C) 0.4 0.6 0.6 0.6 0.7 0.6

Race Walk &
Marathon

4 & 5 23.6 26.3 20.1 24.7 26.1 24.7
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NINO3 was significant in all seasons for influencing
Tokyo, a finding that is consistent with Urabe and
Maeda [34]. DJF and JJA NINO3 and NINO3.4 are
the most significant temporal domains when this
teleconnection bears a stronger influence.

Further, each season may be showing a particu-
lar Rossby wave excitation that is relevant [40] to
August WBGTs in Tokyo. This excitation likely
leads to the PJ activity, which was clearly identified
as the dominant regional flow (compared with

Table 8. Outdoor Olympic events ordered by percentage of time between the hours of 12:00–3:00 pm, aligned with the average
length of the given race, event, match. A deeper red color paired with darker blue indicates a long event occurring at the hottest
time of the day, and thus higher risk. See Figure 2 for venue locations and Table 2 for names.

aBased on men and women combined.
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WJ), supported by Wakabayashi and Kawamura
[22] for eastern Japan. The PJO may also be a
self-sustaining flow during the Asian/Indian mon-
soon [74], which is a significant regional flow
pattern largely from the south into Tokyo (out-
lined in Supplemental Material).

Confirming a teleconnection pattern, however, will
require model runs of planetary to regional dynamics
[75]. Yet both the coolest average August WGBT
(1981) and the warmest (1996) occurred in “neutral”
ENSO years, with an active IndianMonsoon. Further,
given the “many flavors of ENSO” (personal commu-
nication, Dr. Kevin Trenberth), we can at best observe
past ENSO behavior in the 1990s to lead to different
teleconnection outcomes [26].

Quartile analysis identified ENSO phase, dura-
tion, and intensity. A neutral phase—currently
expected for this summer—occurred across all
WGBT quartiles. La Niña was the dominant pat-
tern in the two warmer WGBT quartiles (Q3, Q4).
This finding, when combined with the JJA
strength and activity of the PJ, supports similar
findings [21,22,33]. Conversely, a dominant El
Niño and neutral phase were noted in the cooler
WGBT quartiles (Q1, Q2), also linked to higher

moisture levels and favored precipitation. The
highest WBGT (Q4) events had the highest solar
intensity and may have more of a BOH influence,
as high-pressure systems reduce convection and
cloud cover (increasing radiation levels).

Finally, median and quartile analysis of the
monthly averaged PJI shows some early promise
that the PJI can be a predictor in neutral and El
Niño years in SON and JJA, in particular.
Moreover, 35°N latitude has more forcing on the
PJO, and that La Niña years show more spread/
variability in the PJO. It should be noted that our
dataset of 35 years was too small to transform the
data, and that the data used were aggregate August
WBGT values. Higher temporal resolution analysis
of the PJ is encouraged for all phases, but espe-
cially for La Niña years, to resolve its factors of
influence on local WGBT values for the Games
and perhaps future events.

Lead times from these results, particularly con-
nections of DJF and MAM with Tokyo August
WBGT, offers valuable advanced information for
anomalous heat preparedness for Tokyo 2020.
ENSO-neutral conditions are expected to continue
through spring 2020 (65% chance), which is when

Table 9. Outdoor Paralympic events ordered by percentage of events between the hours of 12:00–3:00 pm. Higher red color paired
with darker blue indicates a long event at the hottest time of the day.

aBased on men and women combined.
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the next ENSO season will be more predictable (see
Figure 2). Further, results here are for average con-
ditions, and finer temporal resolutions, such as how
the BOH (increase heat and humidity) influences
Tokyo on a 7–10 day scale [3]. Future applications
of such climatological risk assessments could be
improved through a probability analysis and using
a larger number of grid cells for an aggregate value
as inputs, as meteorological drivers will be from
other geographical sources. Second, attempting
daily versus monthly WBGT daytime levels could
also lend itself well to more precise planning.

Intraurban temperature, WBGT, and heat
vulnerabilities

Intraurban Ta variations in August across a 10-
year climatology indicate routinely hot conditions
with high �Tmax and �Ta, yet minimal variability
across the city. Although urban design within
Tokyo can affect experienced thermal and radia-
tive conditions [12,16], these differences are lar-
gely due to shading or wind. The athletes will
almost always be in the sun during daytime com-
petition, and wind will vary greatly by venue type
and/or orientation. These microclimate para-
meters of wind (for evaporative cooling) and
solar radiation (radiant heating) are more easily
altered through design as opposed to Ta [72].

Tokyo’s climatology and our analyses indicate
that all outdoor venues will be hot and humid,
increasing EHI and HRI risk, with the larger-
scale teleconnection patterns potentially playing a
larger role in determining just how oppressive the
conditions will be. Athletes will be at risk, and
given that weather cannot be changed (extrinsic
and non-modifiable), heat preparedness efforts
should focus on modifiable and intrinsic personal
factors (e.g. acclimation, hydration, nutrition, pre-
cooling), as well as allowing breaks when needed
and lowering temperatures in warmup areas (see
Figure 1 in Hosokawa et al. [61]) Enhanced focus
can be given to longer and more intense events,
and those further from cooling relief areas (e.g.
road cycling and mountain biking).

This study applied long-term data from 24
weather stations across Tokyo applying novel
interpolation mapping to minimize scalar

incongruence in decisions for heat preparedness
[76]. Gerrett et al. [9] utilized a single weather
station for Tokyo ward and the same WBGT
model [52] used here, and similarly showed the
WBGT to vary by 4°C between the early morning
and the early afternoon, with maximum values
between noon and 3 pm. The current schedules
for outdoor events avoid competitions during this
time insofar as possible (Tables 8 and 9); however,
spectators and volunteers preparing for the mid-
day events (1200–1500 hr) will likely be in the
periphery of the venue, waiting to enter the gated
venue (spectators) or organizing traffic and pro-
viding services outdoors (volunteers) for many
hours combined.

Athletes who have shorter events (e.g. sprint
events, archery) are also at a lower risk for sun-
burn (and potentially heat illness) versus longer
events (e.g. women’s tennis, golf, cycling, mara-
thon) [77,78]. Research shows that many athletes
may not use sunscreen due to concerns about
performance, thermal or physical discomfort, or
impacts on perspiration [79,80]; however, sun-
burned skin also reduces one’s ability to thermo-
regulate [80,81].

Within the Paralympic Games, athletes compet-
ing with an SCI experience a loss of sweating
capacity and vasomotor control below the lesion
level of their injury [82–84], thus impacting the
ability to thermoregulate [85]. Veltmeijer et al.
[86] empirically showed that core temperatures
rose more in wheelchair tennis players with CPI
compared to able-bodied players. A loss of surface
area (when seated) for sweating and convective
heat losses also increases body heat storage in
wheelchair athletes. Athletes with an SCI are eligi-
ble to compete in 18 sports, yet heat-health polices
exist merely for wheelchair tennis athletes [87].

Athletes with CP have both physiological and
cognitive challenges. Physiologically, movement
efficiency is decreased; thus, there is a greater heat
production for a given external workload in those
with CP, elevating thermal strain [88]. Cognitively,
those with CP have more difficulty with pace
awareness, environmental interpretation, thermal
state, and perceived effort, and thus may experience
higher incidence EHI due to not downregulating
their effort as thermal strain rises [88,89]. Athletes
with MS experience thermoregulatory dysfunction
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due to lesions in the central nervous system (speci-
fically the hypothalamus) that may impair thermo-
regulatory function [90].

Heat-preparedness efforts

Notable heat precautions were made in past host
cities in warm climates, such as Atlanta and Los
Angeles, for dealing with the high heat. For exam-
ple, approximately 645,000 cups of water, 600,000
hats, and 395,000 packets of sunscreen were used
in the city of Atlanta at heat-related illness pre-
vention stations, which were strategically placed in
areas with high pedestrian traffic and allowed for
on-site management of mild heat-related symp-
toms [19]. This effort helped to limit the heat-
related response emergencies to 2% of the calls in
1996. For athletes, there should be a large empha-
sis on heat acclimation [9], particularly since pre-
cooling opportunities are limited in most sports
[91]. Due to the shifting Tokyo summer condi-
tions between July and August (to hotter and more
humid), athletes entering the Olympics Games
who compete earlier in the schedule should focus
on forced heat acclimation as natural acclimatiza-
tion is unlikely to occur [9]. Those in the
Paralympic games should have sufficient time to
acclimatize. All athletes and attendees of the
Games should recognize that they are not exempt
from HRI in Tokyo’s normal conditions, even
when the environmental conditions may be rela-
tively moderate.

Important considerations

This work is the first multi-scalar interdisciplinary
study to examine WBGT and Ta in relation to
ocean-atmosphere teleconnections combined with
local temperature extremes, respectively. We focus
our communication toward a broad community of
researchers and practitioners and attempt to com-
municate complex, yet relevant, information on an
important and timely societal topic.

Our application of atmospheric and biometeor-
ological sciences to specific applied health applica-
tions and societal benefit has further identified
new research and modeling efforts, and underlines
the complexities of working across data types,
scales, and disciplines. For example, since we

downscaled to Tokyo metropolis, “noise” in the
analysis became an issue, and thus the WBGT
models were created for daytime values across
the month of August (hence, characterization of
monthly average daytime WGBT), and caution is
advised to not imply that all August days in 2020
will behave as the “average” on individual days or
weeks. Actual individual days could fall at, above,
or below any quartile range during a synoptic
period (~7–10 days). Further, while we have
derived overarching tendencies for August
WBGT starting in DJF (2019/2020), a different
type of analysis will be needed as we approach
August to observe the evolving regional dynamics
on a climatological-to-meteorological scale to
improve decision-making.

Concluding remarks

Holding the 2020 Olympic and Paralympic
Games in late summer in the subtropical climate
of Tokyo, Japan favors heat stress concerns and
issues for spectators, athletes, and workforce.
Planetary atmospheric linkages that emanate
from the ENSO region influence temperature,
moisture, and radiation regimes in Tokyo in
August (and thus WGBT levels). Findings herein
may inform the preparedness of the IOC, the
Organizing Committee of the Olympic Games
(OCOG), as well as those attending or competing
at the Games or future late summer events in
Tokyo. While it is certain that August will be
hot and humid, our methods and findings show
the potential added precision value (as in “how
much hotter”) that planetary, regional, and local
dynamic analysis could provide in generating
lead-time preparedness of a few months to lessen
HRI and EHI risk.

Based on historical observations, we can expect
a maximum variation in daytime average August
WBGT of 3.95°C from the coolest to warmest
ENSO quartile (Table 6), which is significant for
human health and performance. Historically, high
WGBT values in Tokyo are most influenced by La
Niña (and both NINO3/3.4 regions). Occasionally,
however, an El Niño and neutral phase also
explained high WGBT, yet neutral also tends to
favor lower WGBT. Further, lead-time informa-
tion can be found in the Supplemental Material.
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Looking toward late summer 2020, the plane-
tary-scale continuation or change of the current
neutral ENSO will become clearer as we move
closer to August and this spring (MAM). At the
urban scale, enhanced daytime thermal exposures
are expected, yet with minimal intraurban Ta var-
iation present. Climatology indicates that the
August midday Ta in Tokyo will average 30.1°C
(Tmax = 31.1°C; Tmin = 25.3°C), with a high moist-
ure regime that results in daytime average WBGT
levels of 26.8–28.6°C.

For each outdoor event, the duration, intensity,
location, and time of day will be the differentiating
factors in lessening EHI and HRI among athletes
and attendees. These factors can help operationally
in the planning processes for the Games, with
potential modifications including:

● Moving the media mix zone to an air-condi-
tioned indoor facility,

● Ensuring adequate airflow to enhance eva-
porative cooling,

● Utilize on-site monitoring (field, court, track,
etc.) for more accurate and timely decision
making,

● Increased availability of drinking water and ice,
● Provide free hats and fans for those who are

seated in areas with no shade.

These insights can also help inform proactive deci-
sion-making for future international events and
timing to avoid heat extremes (e.g. Paris 2024
and LA 2028 Olympics; Qatar 2022 (FIFA) and
America/Mexico/Canada 2026 (FIFA)). Although
Tokyo may face challenges in coping with extreme
heat during the Games, they also have an oppor-
tunity to adequately prepare and further leave a
legacy to enhance Tokyo’s urban sustainability,
heat mitigation, and citizen health long after the
Olympics culminate.

Notes

1. “Very Strong” is not part of the official weather ser-
vice criteria, but is an additional category added in
the given analysis based on personal communication
with Dr. Jan Null (personal communication), using

the same +0.5°C increment to capture events that
exceeded the “strong” threshold.

2. Note that the logic for retaining WGBT as the “local
meteorology” was to identify if previous ENSO sea-
son WGBT, namely MAM, could be a predictor for
JJA WGBT.

3. Visible Infrared Imaging Radiometer Suite Day-Night
Band.

4. NASA’s Moderate Resolution Imaging Spectrora
diometer onboard the Terra satellite.

5. Local solar/moisture levels are physically a manifesta-
tion of regional circulations impacting on local
geography.

Abbreviations

AMeDAS Automated Meteorological Data Acquisition
System

AQMS Air Quality Monitoring System
AWS Automatic Weather Station
BOH Bonin/Ogasawara High
CP Cerebral palsy
DJF December, January, February
EHI Exertional heat illness
ENSO El Niño Southern Oscillation
HRI Heat related illness
JJA June, July, and August
JMA Japan Meteorological Agency
MAM March, April, and May
MERRA-2 Modern-Era Retrospective Analysis for Research

& Applications
MS Multiple sclerosis
NCEI National Centers for Environmental Information
NDVI Normalized difference vegetation index
NTL Brightness of nighttime lights
PCA Principal component analysis
PJI Pacific Japan Index
PJO Pacific Japan Oscillation
RFRK Random forests-based regression kriging
RH Relative humidity (%)
SCI Spinal cord injury
SON September, October, November
SST Sea-surface temperature (°C)
Ta Air temperature (°C)
�Ta Mean daytime air temperature (°C)
Tmax Daytime high air temperature (°C)
�Tmax Mean daytime high air temperature (°C)
Tsfc surface temperature (°C)
USGS U.S. Geological Survey
VSE Very Strong El Niño (or Super El Niño)
WBGT Wet bulb globe temperature (°C)
WC Walker-Circulation
WJ West-Asia Jet
WJI West-Asia Jet Index
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