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Abstract: This work is taken up to evaluate the relationship between the thermal
comfort of spectators and athletes and the prevailing meteorological conditions
during Rio 2016 Olympic Games. Empirical and physiological thermal comfort indices
are calculated from data collected from an automatic weather station installed near
the Olympic Stadium and interviews with the spectators. The study period was marked
by a gradual rise in air temperature and by the occurrence of two significant weather
events associated with wind gusts, which caused disturbances in some areas of the
competitions. ET and NET were below the air temperature, indicating that both humidity
and wind contributed to the reduction of the human-biometeorological indices. Majority
of the interviewed persons reported comfortable sensation and weather conditions.
These perceptions corroborate results of the thermal comfort indices calculated for
these resting spectators. The comfort indices calculated for the athletes with high level
of physical activity showed that PET estimated hotter thermal sensation those for the
individuals at rest, indicating that the physical type of a person may strongly influence
the thermal sensation and comfort during intense physical activity. Increasing trend
observed in all the indices of human thermal comfort during the period of study shows
consistency among them.

Key words: Rio 2016 Olympic Games, weather conditions, thermal sensations,
biometeorology.

extreme conditions that may cause discomfort
for the spectators and participants.

Olympic Games are conducted since the end
of 19th Century during the months of July
and August in different countries that have
different climates. The climate factor affects
the performance of the athletes, especially in
the competitions conducted outdoors. Those
months are part of midsummer if the chosen
city is in the Northern Hemisphere or are part
of midwinter if the city is in the Southern
Hemisphere. Thus these months can offer

In this century Brazil organized several
important international sports and games
competitions, the Pan-American Games in 2007,
FIFAWorld Cup in 2014 and the Summer Olympics
in 2016. Although Brazil is mainly a tropical
country, sudden changes in weather conditions
are notuncommon and these can interfere in the
organization of sports events and can influence
the performance of the athletes and the comfort
of the spectators. Brazil lacks systematic studies
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of the human comfort factor and its influence
on the performance of athletes. Therefore,
the idea that the outcome of the competition
strongly depends on weather conditions has
not reached the minds of athletes, trainers and
organizers, except in very special modalities of
sports (Pallotta et al. 2015, Lucena 2017, Tucker
& Gilliland 2007, Chan & Ryan 2009, Humpel
et al. 2002, Suminski et al. 2008, Westerterp et
al. 2005). One sport event that uses weather
information is automobile racing in which rain
or shine can make a big difference.

During any physical exercise or activity,
and even during rest periods, the human body
is submitted to meteorological conditions.
Butera (1998) likened the human body to a
thermodynamic machinethat producesworkand
heat for which it takes in oxygen and food as fuel.
Thus, it is necessary to have thermoregulation
between the environment and the body for
the maintenance of body metabolism. This
process includes a series of mechanisms that
permit stabilization of body temperature in
the presence of variable external thermal
conditions (Pimenta et al. 2015). When the body
temperature increases, the hypothalamus, the
principal region of human brain responsible for
commanding the body to act correctly, promotes
dilatation of the veins and pores in a way to
increase the rate of heat transfer through blood
circulation and transpiration for the equilibrium
of body temperature. On the other hand, when a
reduction in body temperature is detected, the
hypothalamus promotes constriction of vases
and pores in order to reduce or arrest loss of
heat, and to trigger involuntary contractions
of the muscles (tremors and cramps) and
to increase the rate of metabolism and
consequently to increase the body temperature.
Thus, the thermoregulation is essential for all
living beings, for the maintenance of the rate
of cell metabolism as well as for the integrity of
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the organism (Pimenta et al. 2015). When there
is a temporary imbalance between the heat
generated by metabolism and the loss of heat
by the body to the environment the body feels
discomfort.

It is necessary to study the thermal
comfort of individuals in order to find levels of
satisfaction of the body with the ambient for
executing habitual activities, be they intellectual
or manual/physical, and to attain maximum
efficiency. According to the American Society
of Heating, Refrigerating and Air-conditioning
Engineers (ASHRAE) the human thermal
comfort is related to the satisfaction with the
environment in which one is situated. There
are several variables that influence directly the
thermal comfort of a person (Mayer 1993, Hoppe
1999, Lee 2015). Environmental variables such
as air temperature, humidity, wind, short and
long wave radiation from the three-dimensional
environment are among them. Some personal
factors such as the clothing used by the person,
the level of activity, age, sex, weight and the food
habits also influence the thermal comfort. Fanger
(1972) commented that a person feels thermally
comfortable when all the heat generated by the
body is equal to the heat lost to the ambient.

This article discusses the importance
of analyzing weather conditions for high
performance physical activities. Thus, the
objective of this study is to analyze the thermal
comfort of the spectators and athletes in the
athletic events in the Olympic Games in 2016,
in the period August, 12-17. Specific objectives
are to (1) evaluate the meteorological conditions
during the sports events and to discuss
significant weather conditions, (2) calculate
the thermal comfort indices associated with
spectators who answered our questionnaire,
and (3) analyze the thermal comfort of a few
competitors in the event.
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Theoretical aspects

Human thermal comfort is measured in terms
of human-biometeorological indices. However,
many times the applicability of the indices
becomes difficult as the comfort varies from
person to person depending on several factors
such as his/her physical type, the physical
activityand the clothing used (Pallotta etal. 2015).
Nevertheless, the comfort indices have been
used in many studies to estimate the influence
of meteorological variables in physiological
stimulus of the human body (Hoppe 1999, Holst
& Mayer 2011, Lee et al. 2013, 2016, Pallotta et
al. 2015, Lee et al. 2016). The equations used for
such estimates are, in great majority, empirical
combinations of meteorological parameters.

Since the beginning of 20" Century studies
such as Buittner (1938), as cited in Hoppe (1999),
recognized that, for the evaluation of the
environmental thermal influence on human
body, all the components of thermal parameters
which are necessary for modeling the energy
balance of human body must be taken into
account. Since 1970 several authors started
using physiologically relevant indices derived
from the stand point of energy balance for the
evaluation of the thermal comfort (Matzarakis et
al. 2007). These authors listed some important
parameters to be considered and they are: air
temperature, vapor pressure, wind speed and
the mean radiant temperature (Kantor & Unger
2011) besides the type and intensity of physical
activity, rate of production of heat by the body
and the resistance of clothing to heat transfer.

Lucena (2017), through the thermal
discomfort index (ID) verified in twelve Brazilian
cities the real climatic condition during matches
of the soccer world cup (2014) and observed that
there was no risk to the health of athletes due to
extreme heat in the cities.

The present study intends to analyze the
relation between the meteorological variables
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and the comfort level of spectators and athletes
during the Rio 2016 Olympic Games. We have
chosen the athletic competitions because
many of them are conducted in the stadium
and attracted many visitors from all over the
world. According to Pallotta et al. (2015), in such
events it is necessary to analyze the empirical
thermal comfort indices as well as physiological
temperatures for producing a complete analysis.
Thus, we have calculated Effective Temperature
(ET), Net Effective Temperature (NET) and
Physiological Equivalent Temperature (PET)
(Mayer & HOppe 1987). The first two variables
ET and NET utilize meteorological variables only
and are given by Pallotta et al. (2015).

ET=Ta-0.4 (Ta-10)(1-RH/100) (1)

NET = 37 - (37-Ta) / [0.68-0.0014UR+1/
(1.76+1.4v"0.75 )] - 0.29Ta(1-UR/100) (2)

where Ta is air temperature in °C and RH is
relative humidity in % and v is wind speed in
m s”, at level of the ground (1,5m). It is easily
seen from Eq. 1 that for Ta = 10°C or RH = 100%,
ET equals Ta. For Ta greater than 10°C, and RH
less than 100%, ET is less than Ta, and for Ta less
than 10°C, ET is greater than Ta. In Rio de Janeiro
the temperature is never less than 10°C and
therefore ET never exceeds Ta. From Eq. 2 we
can see that NET = 37°C for Ta = 37°C and RH =
100%. However, Ta is normally less than 37°C and
as v increases the denominator of the second
term on the right side decreases and therefore
NET decreases. We have to remember that for
calm winds (v = 01 m s™) and for saturated air
conditions (RH = 100%) NET equals ET. That is,
for indoor environments NET = ET. Thus, ET and
NET are applicable, respectively, for indoor and
outdoor settings.

For the variable PET the reader is referred to
the work of Matzarakis et al. (2007), which utilizes
the RayMan Model for its calculation taking into
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account the heat balance of human body (Lee &
Mayer 2016). Hoppe (1999) explained that PET is
the air temperature at which, in a typical indoor
setting (without wind and solar radiation), the
heat budget of the human body is balanced
with the same core and skin temperature as
under the complex outdoor conditions to be
assessed. One important parameter that enters
the calculation of PET is the Mean Radiant
Temperature (T ) which is discussed in the last
Section (Thermal comfort indices). PET allows a
person to compare the integral effect of complex
thermal conditions outside with his experience
indoors. From this we understand that PET is
essentially applicable for outdoors.

Table | shows the ranges of different indices
and temperatures and the degrees of thermal
comfort/discomfort sensations they represent.
Those ranges are adapted from Pallotta et al.
(2015), a study on the performance of athletes in
sports events.

BIOMETEOROLOGY AT THE RIO 2016 OLYMPIC GAMES

MATERIALS AND METHODS

Data

An Automatic Weather Station (AWS) was
installed near the Joao Havelange Olympic
Stadium (JHOS) (currently called Nilton Santos
Stadium) where track races, jumps, hammer and
discus throws, heptathlon and decathlon, of
both men and women, were held. The stadium
is situated at 22.88° S and 43.28° W and 70 m
altitude and has a capacity to accommodate
nearly 45 thousand spectators. The AWS,
erected 15 meters east of the stadium (for
security reasons it was not possible to install
inside the stadium), had an integrated sensor
model WXT520 of Vaisala installed at a height
of 2 m above surface over an aluminum tripod
for measuring wind velocity, air temperature,
relative humidity, atmospheric pressure and
precipitation. Additionally a global radiation
sensor was installed coupled to the AWS station.
The equipment included a solar panel, data-
logger, charge stabilizer, and a 12 V battery. The
data was transmitted at high frequency (once a

Table I. Comfort/discomfort zones according to Effective Temperature (ET), Net effective temperature (NET) and
Physiological Equivalent Temperature (PET) for different degrees of thermal perception. PTC isv perceived thermal

comfort.

Therma(:;g; sation Degree of Physiological Stress Symbol ET ar:z NET iiT

Extremely cold Extreme cold stress EC <13 <4
Cold Intense cold stress IC 13-16 4-8
Moderately cold Moderate cold stress MC 16 - 19 8-13
Slightly cold Light cold stress SC 19-22 13-18
Comfortable No heat stress Co 22-25 18-23
Slightly warm Light heat stress SW 25-28 23-29
Moderately warm Moderate heat stress MW 28 - 31 29 -35
Warm Intense heat stress W 31-34 35-41

Extremly warm Extreme heat stress EW >34 >4

Adapted from Pallotta et al. (2015).
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minute) through the Global System for Mobile
(GSM) stations. The cloud observations were
obtained from METAR weather messages from
the Rio de Janeiro International Airport which is
situated 11 km from the stadium at 22.49° S and
4315° W.

The AWS data, gridded analysis of the
Global Forecast System (GFS), with 1.0° spatial
resolution and 6 hour temporal resolution,
of the National Centers for Environmental
Predictions (NCEP), surface synoptic data
provided by the Brazilian National Institute of
Meteorology (INMET), synoptic charts and GOES
satellite imagery provided by the Center for
Weather Forecasts and Climate Studies (CPTEC)
of the National Institute for Space Research
(INPE) were used to analyze the predominant
meteorological conditions during the period of
the athletic competitions. In addition, the METAR
data provided by the Meteorological Network of
the Air Command (REDEMET) of the Air Space
Control Department (DECEA) were also used for
the analysis of significant wind episodes.

During the competition hours (09:30 - 14:30
and 17:45 - 23:30 LT), opinions of different people,
spectators and volunteers of differentage groups
present in the JHOS, about comfort/discomfort
sensation along with their physiological
data were gathered. For this a questionnaire
containing the physical aspects of the person,
native place, thermal sensation and his or her
perception of the meteorological conditions,
was previously elaborated (see Appendix). The
spectators were approached in the stadium
(JHOS) under different microclimates and no
portable meteorological station was used. The
stadium was large and the concentration of
the spectators was heterogeneous and around
noon time some places of the stadium received
direct insolation. Thus the microclimate was
not homogeneous. Also, many people declined
to answer our questionnaire and due to strict
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security measures it was not possible to
approach the participant athletes.

Thermal comfort indices

From the meteorological variables registered
by the AWS and the personal data of the
interviewees (weight, height, age and sex),
the thermal comfort indices and the thermal
sensation of the spectators were calculated.
The indices ET and NET were calculated using
Egs. 1 and 2. The indexes chosen were those
whose calculation required few and ordinary
meteorological variables, such as temperature,
humidity and wind, so that a possible data
unavailability would not affect the analysis and
future validations. These indexes are indicated
for some previous studies as the most used
in researches in Brazil, being representative
and with good applicability for the country,
including sport events (Coelho et al. 2010, Nedel
2008, Pallotta et al. 2015). The PET is obtained
by RayMan Model. Utilizing the options given
in the software, physiological parameters and
clothing characteristics of the individuals noted
in the questionnaire were fed to the model to
calculate PET for resting spectators.

As part of the study we calculated the
thermalindices for two record-breaking athletes,
and three spectators (interviewed during
athlete’s races) fictitiously running at a speed of
20 km h™ using their physiological data reported
in their answers. The level of activity for the
spectators and for the athletes was estimated
according Metabolic Equivalent of Task (MET)
units (Ainsworth et al. 2011). For example, for a
resting person the MET is equal to 1.0 and for a
person running at 23 km/h MET equals 22.5.

The RayMan model utilizes the Level of
Activity (LA) in Watts and is obtained by using
Eq. 3, taken from the Compendium of Physical
Activities (Ainsworth et al. 2011), which relates
the weight of a person to convert the Metabolic
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Equivalent of Task (MET) into Watts. For example,
a person of 85 kg at rest spends 1 MET = 104
W and for athletic conditions the conversion is
made using Eq. 3.

1y LAy *35%W)

) %69.8 (3)
100

where LA s the level of activity in Watts, LA, is
the level of activity in MET and W is the weight
of the athlete.

RESULTS AND DISCUSSION
Synoptic analysis

A cold frontal system and a meso-trough
associated with a squall-line passed over the

BIOMETEOROLOGY AT THE RIO 2016 OLYMPIC GAMES

venue of the Rio 2016 Olympics and caused
significant weather changes during the period
of this study. The frontal system passed on 11
August and caused fall of air temperature during
the two subsequent days. The trough passed
over Rio de Janeiro on 15 August and produced
strong gales over the city, including over some
locations of the competitions. Figure 1 shows the
synoptic weather conditions over southeastern
Brazil during the period.

The frontal system passage over
southeastern of Brazil was associated with an
extratropical cyclone in the South Atlantic off the
coast of the region. In the wake of the movement
of the front into the Atlantic, air temperature
declined over southern and southeastern Brazil

.("aag.--l----ﬁ
s mm e

Figure 1. Evolution of synoptic situation over Brazil during Rio Olympics. Black isolines: Sea Level Pressure (hPa).
Color Shades: 1000-500 hPa thickness (m). Vectors: 10 m wind (m s™) for 12 UTC on 12 (a), 13 (b), 14 (c), 15 (d), 16
(e) and 17 (f) August 2016. City of Rio de Janeiro marked with a dark square on the maps. High and Low Pressure

Centers are marked with H and L, respectively.
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as can be seen from 1000-500 hPa thickness
fields in (Figure 1 a, b). On 12 August (Figure 1a)
a part of the cold front remainead stationary
over the continent north of Rio de Janeiro. It was
associated with a low pressure center of 1012
hPa in the Atlantic located at 29°S and 35°W.
On 13 (Figure 1f) the low pressure center moved
southeastward to 32°S and 28°W, with a speed
of 7° longitude in 24 h. Over the southeastern
coast of Brazil a high pressure center of 1020 hPa
associated with the cold air mass predominated
on this day.

Onward from 14 (Figure 1c), with the eastward
movement of the high pressure center into the
ocean, a warm air mass invaded southeastern
Brazil and raised the air temperature. On 15 the
region was warm. Maximum temperature, Tmax,
shown in Table Il was greater than 30°C. Warm
air advection over the continent contributed to
the formation of a low pressure area with its
center at 41°S and 55°W near the Argentina
coast. Associated with this new low center a
baroclinic trough extended into southeastern
Brazil on 16 (Figure 1e).

The meteogram presented in Figure 2 shows
the temporal evolution of the five meteorological
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variables monitored by the AWS. The diurnal
range of air temperature (Figure 2a) was small
(4°C) on 12 and has increased gradually to 16°C
on 16 August when the skies were cleared (figure
not shown). The daily maximum temperature
rose above 30°C after the high pressure
center moved away. On 15, the warmest day,
the temperature rose sharply to reach 35°C at
around 1400 h. However, the interviews with
the spectators were held from 1000 h to 1100 h
only. Figure 2b shows the progression of relative
humidity. In the forenoon hours RH was around
65% on most of the days. A gradual decrease of
surface pressure from 1020 hPa on 12 to 1004
hPa on 16 was observed (Figure 2c) showing the
movement of the high pressure center away
from the region. The pressure stabilized around
1010 hPa thereafter. The anemogram (Figure 2d)
shows low wind speed (less than 2 m s™) till 1300
h on 15, except on two occasions, one each on
12 and 13 in the afternoon hours. On 15 around
1500 h there was a sudden pressure drop of 7
hPa from 1009 hPa to 1002 hPa in about 3 hours.
During this period, the wind speed gained
intensity attaining magnitude in excess of 8 m
s™. Strong wind speed, occasionally reaching

Table Il. Daily mean meteorological parameters of the AWS at JHOS. TMED is mean air temperature. RHMED is mean
relative humidity. PMED is mean atmospheric pressure. RMED is mean global radiation. TMIN and TMAX are daily
air minimum and maximum temperatures, respectively. Local times of TMIN and TMAX are shown in parentheses.

Date TMED TMIN TMAX RHMED PMED RMED (W/
(© (°0) (°0) (%) (hPa) m?)
12/08 19.2 17.4 (23:59) 224 (14:33) 74 1018.5 191
13/08 204 15.6 (4:58) 26.8 (1410) 71 1015.6 301
14/08 232 17.2 (6:46) 311 (14:12) 66 1011.3 297
15/08 24.0 194 (6:42) 35.7 (14:36) 65 10081 258
16/08 24.2 20.4 (02:34) 30.2 (13:07) 61 1009.4 272
17/08 268 205 (6:28) 343 (13:49) 57 1010.0 282
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Figure 2. Time series with hourly
. data of, a air temperature (°C), b
relative humidity (%), ¢ sea-level
pressure (hPa), d maximum wind
speed (m s™) and e cumulative
precipitation (mm) measured by
the AWS at JHOS.
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gale speed of over 12 m s, persisted from 1400
h till 2200 h on 15. These observations indicate
the passage of a squall line in the afternoon of
15. Associated with the squall line some brief
and light precipitation also occurred (Figure 2e).

Table Il shows the mean daily characteristics
of the meteorological variables collected by the
AWS installed at JHOS. The air temperature and
pressure changes observed were in accordance
with the synoptic conditions and changes,
indicating the predominance of a cold air mass
duringthe first few days of the athletic events. On
15 the mean pressure decreased and the mean
air temperature increased as a consequence
of the movement of the high pressure center
into the Atlantic. The relative humidity lowered
due to higher temperatures. The low values of
mean global radiation (RMED) in the beginning
of the period are due to cloudiness associated
with the cold frontal passage. The mean daily
relative humidity (RHMED) decreased from 74%
on 12 to 57% on 17 August as the mean daily air
temperature (TMED) increased from 19.2°C to
26.8°C.

The weather changes have caused some
disruptions to the schedule of the games. The
beginning of sailing competitions, marked for
1300 h at Marina de Gloria on 12 August, was
delayed by one hour due to strong wind speed.
The hourly wind speed registered by the AWSs
of INMET along the shore of Rio de Janeiro on
12 and 15 are given in Figure 3a. The wind speed
was persistently intense from 0000 h through
1200 h on 12 August with magnitude exceeding
5 m s” and reaching 10 m s™ at some stations.
The wind speed became moderate to light (~5
m s” or less) in the late afternoon hours. The
evolution of pressure during the day at several
stations (not presented) showed a rather calmer
situation. The strong wind speed observed was
due to local effects of orography, land-sea
contrast and diurnal warming. A second event
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of intense wind speed was observed on 15 in
the Olympic Park when an aerial camera near
Carioca Arena was dislodged lightly hurting
some visitors. The top panel (Figure 3a) shows
the hourly wind magnitude on this day where
wind speed reached and exceeded 15 m s™ at
many places from 1800 h through 2200 h. At COPA
(Forte de Copacabana) station the wind speed
exceeded 20 m s during the period between
1800 h and 1930 h. The AWS at the Olympic
Stadium also registered wind magnitude of 11.8
m s” (Figure 2d). At 1840 h the aerodrome at
Jacarepagua (SBJR) sent a special Metar SPEC]
message of gales.

The hourly air temperature series at the
INMET AWSs on 12 and 15 August are shown
in Figure 3b. On 12 the diurnal range of air
temperature was less than 5°C, with an increase
in temperature occurring between 1500 h and
1700 h. The low value of the range was due to
cloudiness caused by the passage of a frontal
system on the previous day. Steep rise of air
temperature was recorded during the afternoon
of 15. The diurnal thermal range was nearly
20°C. The air temperature started rising from
around 0900 UTC through 1800 UTC and 1900
UTC. This steep rise of air temperature caused
discomfort for the spectators as well as for the
athletes. One can infer that, besides radiational
heating, there was a squall line (described
above) strong associated with the warm air
advection over the region. On the night of this
day precipitation was observed at the JHOE and
the athletic competitions were interrupted on a
few occasions. Curiously, toward the end of this
day the pole-jump world record was broken.

Perceived thermal comfort

Answers to the questionnaire by the interviewees
during the athletic competitions was compared
with the thermal sensation or Perceived Thermal
Comfort (PTC). The questioning occurred mostly

An Acad Bras Cienc (2021) 93(1) 20191113 919
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11-12 AUG 2017
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inthe forenoon hours as shown in Table llla. Total
number of interviewees was 100 of which 51 were
males and 49 females, in the age groups of 14
to 75 years and belonging to different countries
of the world. Of these 62% were Brazilians, 8%
were Argentineans, 8% were Americans and the
rest are from other countries. In general the PTC

has a direct relation with the air temperature
at the time of interview. Table Illa also shows
the mean (Tamean), maximum (Tamax) and
minimum (Tamin) air temperature registered
during the periods of interview (different from
the daily TMIN and TMAX shown in Table Il. The
PTC was “moderately cold” (MC) on the cooler
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days and “extremely warm” (EW) on warmer
days but most interviewed said the weather was
comfortable. 62% interviewed on 15 to 17 said
they felt comfortable in spite of EW weather.
Only on 12 when the air temperature was below
20°C (Figure 2a) all the 14 people interviewed
felt MC. Only 6% of all the interviewees said that
the thermal environment was unacceptable. In
some sectors of the stadium there was direct
insolation during some periods of the day. This
might have reflected in the answers of these.

Thermal comfort indices

Mean thermal comfort indices for the spectators
at rest (level of activity = 104 W) for the periods
of competitions are obtained on the six days of
our study. Figure 3¢ shows the evolution of the

BIOMETEOROLOGY AT THE RIO 2016 OLYMPIC GAMES

calculated mean indices during the six days of
the athletic competitions. We can immediately
see from Figure 3¢, that ET and NET were less
than the observed air temperature (Ta). The
relative humidity and wind helped to reduce
the values of these two indices. On 12 the
difference between ET and NET was about 4°C
and the difference decreased to about 1°C by 14
and remained low during the rest of the period.
The lowering of NET in relation to ET was due
to the wind effect. At lower air temperatures ET
does not differ much from Ta and at higher air
temperatures the difference between Ta and ET
was larger.

In general PET was less than Ta. Especially
on 12, 13 and 14 PET was lower than Ta perhaps
because of lower Tmrt due to cloudiness. On 16

Table Ill. Time, number of people interviewed, perceived thermal comfort range and mean, maximum and
minimum air temperature during the hours of the interviews (a). Tamean, Tamax, Tamin are mean, maximum

and minimum temperatures during the interview period. Personal information and thermal comfort indexes for
athletes and spectators submitted to observed meteorological conditions (b). For abbreviations of the indices see

Section 2 (Theorical aspects).

date (et ) ofpeople | percetedThermal | Tememn | ramayy  Temh
12/08/2016 10 - 12 14 MC and CO 18.5 18.9 18.2
a  13/08/2016 10 -1 7 CO and EW 219 22.6 213
14/08/2016 20 - 21 17 CO and MW 247 25.2 24
15/08/2016 10-1 25 CO and EW 282 29.5 26.9
16/08/2016 10-1 19 CO and EW 259 26.6 253
17/08/2016 10 - 12 18 CO and EW 303 314 26.2

Date Watts = Age = Gender Weight Height fz A:iT F:‘i:T

A1 12/08 1148 25 F 47kg 1.66 176 | 125 | 28

b Spectator 1 12/08 1661 55 M 68kg 1.86 176 @ 125 0.7

A2 17/08 1629 21 M 58kg 1.67 254 | 242 | 182

Spectator 2 17/08 2781 54 M 79kg 1.84 254 | 242 | 152

Spectator 3 17/08 2809 24 F 100kg 171 254 | 242 | 146
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PET was somewhat lower than Ta when there
was rain (Figure 3c). PET exceeded Ta on 15 and
17 due to higher air temperatures and insolation.
In general all the temperatures plotted in Figure
3c showed increasing trend from 12 to 17, which
means that there is consistency among them.

One can analyze the indices and
temperatures based on the intervals of thermal
sensation given in Table I. The mean values of
the empirical indices for the spectators at rest
remained at 17.9°C for ET and 14.3°C for NET,
giving a thermal sensation of “slightly cold”
(SC) and “cold” (C), on 12. The physiological
index PET for this day indicated “slightly cool”
(S5C) and MC for the spectators interviewed,
which is approximately in accordance with
their perception. This sensation is responsible
for cooling of the body and vasoconstriction
symptoms.

On 13 also the calculated indices of thermal
sensation were different. While the empirical
indices indicated “moderately cold” (MC) and
“slightly cool” (SC), the physiological indices
showed “no heat stress” (CO). For the only
two females interviewed the sensation was
“moderately cool” (MC). However, according to
the perception of the interviewees the thermal
sensation was one of “comfortable”, showing a
disagreement between the calculations and PTC
(perceived thermal comfort). The same situation
was observed with the interviews on 14 when
the interviews were held during the night.

On 15, with gradual increase of Ta at the
location of the stadium, the empirical indices
indicated “no thermal stress” (Comfortable,
CO) or “slightly cool” condition. However, PET
indicated “slight warm stress” (SW). The latter
results agree with perceived thermal sensation
of the majority of the interviewees. All the
same, three of the 25 interviewed complained
unacceptable thermal ambient with a sensation
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of “extremely warm” (EW) and all the three
weighed more than 80 kg.

Day 16 started with cool early morning
hours, cooler than the previous day morning,
but the indices presented some disagreements
among them. The empirical indices showed no
thermal stress (CO) and the physiological index
PET indicated slightly warm (SW) situation.
Although the minimum air temperature on 16
was lower than the previous day, 12 out of 19
interviewees reported slightly warm (SW) and
very warm (EW) sensations. This sensation
was possibly associated with their exposition
to direct solar radiation in the part of the
stadium where they were seated. On the last
day of the study period, 17 August, the mean air
temperature was high. However, the empirical
indices remained constant indicating neutral
thermal sensation. And, the PET indicated SW
situation for the interviewees at 1000 h and
EW with extreme discomfort at noon time
when the air temperature rose by 5°C. These
results were in agreement with the perception
of the interviewees who expressed thermal
sensation between comfortable and very warm.
The EW situation causes vasodilatation and
consequently sweating in profusion.

The indices were calculated for two female
athletes in the competitions for the same hour
when the A1 and A2 athletes were running. The
level of activity is obtained with the help of the
mean speed, the distance run by the athlete
or the time taken for completion of the sport
event. Athlete A1 set world record in 1000 m
race with mean speed of 23 km h™ and A2 set
world record in 3000 m hurdles race with mean
speed of 20 km h™. Their personal data is given
in Table Illb. For AT on 12 the indices indicated
cold stress (MC) in terms of ET and NET, and the
physiological index PET indicated “extremely
cold” (EC) condition. For A2 on 17 ET and NET
showed comfortable sensation, without any
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thermal stress. However, the physiological index
disagreed as PET indicated slight cold stress
(s0).

The results above indicate that the degree
of thermal sensation in terms of PET was cooler
than that PTC during the athletic events of Rio
Olympics. The physiological type of the person
is highly relevant for estimating or calculating
the thermal comfort indices of the athlete in
physical activity. Table Illb shows the differences
among physiological types, of the two athletes
and three spectators interviewed. As ET and NET
use only the meteorological variables, there was
no difference in these indices among different
individuals. In other words, ET and NET do not
take into consideration the physical activity
and the physiological data of the individuals.
On 12 the air temperature was lower than that
on 17 and therefore the indices on the first day
and the last day of competitions were different.
On 12 the thermal sensation was slightly cool
(SC) to moderately cool (MC). However, PET
showed Extreme Cold (EC) sensation for both
the Spectator 1 and the athlete A1. On 17 also
the PET was higher for the athlete than for the
spectators, mainly because the athlete A2 was
lighter (58 kg) than the spectators (above 80 kg).
Besides that, PET is seen to be representative for
the individuals at rest, because when submitted
to high levels of physical activity PET indicated
cooler thermal sensation.

From the formulae (1) and (2) we see that
ET and NET can differ appreciably from Ta for
smaller relative humidity values. At very low RH
human body does not feel comfortable due to
nostril, eye and skin irritation. This aspect of the
discomfort effect of low RH conditions is not
taken into account by the formulae. Therefore,
ET and NET represent only the thermal comfort
obtained from meteorological observations,
without considering physiological aspects of the
individuals. The sports events were held mostly
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in the forenoon hours or late evening hours of
the day and at this time of the day the relative
humidity was around 65% and therefore during
the sports events RH did not affect the human
comfort. Some scientists think that these two
indices are outdated as they do not consider
the radiation absorbed by humans. Pallotta et
al. (2015) did not provide justification for the
formulae given in Egs. (1) and (2), because they
are based on algebraic or statistical models (de
Freitas & Grigorieva 2015).

As aptly pointed by Hoéppe (1999)
thermal comfort is the integral effect of all
meteorological parameters relevant for heat
exchange between the body and its environment.
Comfort is a function of many physiological and
meteorological parameters. Air temperature is
important for the body to exchange heat with
the environment. Vapor pressure is important
for evaporation of perspiration. Wind becomes
important when the body is sweating. Radiation
is important because its absorption by the body
raises the skin temperature. The importance
of the meteorological parameters and the
microclimatology of the location increases when
a person is situated in a crowded place such as
a sports stadium or when the person is exerting.
Hence this work is considered relevant.

A widely used human thermal comfort
index, Physiological Equivalent Temperature
(PET) is calculated in this work. PET is the air
temperature at which, in a typical indoor setting
without wind and solar radiation, the heat
budget of the body is balanced with the same
core and skin temperature as under the complex
outdoor conditions to be assessed (Hoppe
1999). This temperature allows a person to
compare the integral effects of complex thermal
conditions outside with his experience indoors.
PET transfers the actual thermal bioclimate to
an equivalent fictitious indoor environment in
which the same thermal sensation is expected.
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PET, although a temperature, is a measure of
bioclimate and is considered a genuine climate
index. For calculating indoor PET value the
RayMan Model makes some assumptions such
as wind velocity is taken to be 01 m s™ and
relative humidity is considered to be 50% at air
temperature Ta = 20°C Coincidentally, for v = 01
m s” and RH = 100%, NET equals Ta. However,
calculation of PET involves many other variables
and considerations. PET values around 20°C
are considered comfortable by experience (see
Table I). PET values greater than 20°C indicate
increasing probability of heat stress and values
less than 20°C are too cool for comfort. However,
PET alone does not determine thermal comfort
because at PET = 20°C and clad in swimming
trunks a person may feel cold whereas the same
person wearing a woolen coat may sweat. PET
is regarded as the basis for the assessment of
the thermal comfort. This can be used all year
round, in both warm and cold seasons (HOppe
1999). Typically, in winter on a windy day PET
may be up to 15°C lower than the observed
air temperature, Ta, and on a hot summer day
with radiation directly affecting the body PET
can be 20°C higher than Ta (Hoppe 1999). PET is
developed to help urban planners and can be
easily used.

PET calculation involves, besides the air
temperature, humidity, wind and Mean Radiant
Temperature (T ). The idea is that the thermal
condition in an urban microclimate in summer
is determined mainly by the global radiation
field and this is represented by T (Jendritzky
et al. 1979). Kantor & Unger (2011) conveniently
define T as the temperature of a fictive black
body radiation enclosure (emissivity = 1) which
would result in the same net radiation energy
exchange with the subject as the actual more
complex radiation environment. Their Figure 11is
a good illustration of the concept. The RayMan
software takes into account three dimensional
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radiation flux densities for the determination
of T . T, isthe most important parameter
influencing outdoor thermal comfort during
sunny conditions and is a suitable measure for
the stress of the human organism due to the
heat effect of the radiation from the whole
surrounding sphere. It summarizes the effect
of all radiant heat fluxes reaching the body.
AccordingtoMayer(1993)T  isasuitable measure
for the heat stress on the human organism due
to the effect of the radiation from the whole
sphere. However, it is also the most problematic
variable in human biometeorological comfort
assessment. The difference in its values between
a forest microclimate and a street canyon
exposed to sun in summer can be as large as
30°C. The RayMan Model uses T__ along with
meteorological variables to calculate or estimate
PET. In these calculations physical human
characteristics are often set constant. In recent
times T . is being measured experimentally
using sophisticated radiation measuring
equipment called (stationary) human-
biometeorological measuring system (Mayer
et al. 2008). More recently, Lee & Mayer (2016)
made experimental determination of T_ and
PET values simulated by RayMan Model and also
compared T simulated and T__ experimental
at Freiburg, Germany. They found that under
heterogeneous conditions the inaccuracy of
simulated T_ increases. T governs the PET in
the daytime of clear sky summer days. Therefore,
the inaccuracies, if any, in PET determination
in this study are due to the inaccuracies of
T . T .simulated and T_  experimental are
somewhat correlated. They are better correlated
for values higher than 45°C (Lee & Mayer 2016).
T . error increases with lower sun elevation.
It is better simulated under homogeneous
conditions. From the results of Lee and Mayer
we think that the experimental determination of
T . needs improvements and some upgrading
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of RayMan software is also recommended. At
JHOS the conditions were heterogeneous due
to the presence of structures around the AWS.
Therefore, the PET values presented here should
be considered cautiously.

The present study is an application of
thermal comfort indices in a sports event and
thus can be regarded as a field experiment. Our
study reveals the variability of thermal comfort
for the selected microclimate during a seven-
day period during the Rio Olympics. A large
stadium with open roof can be considered an
outdoor setting. However, since the wind inside
a stadium is either absent or is very light it is
not strictly an outdoor environment. Therefore
the results obtained in this study have to be
considered with caution.

ASHRAE thermal sensation scale in terms of
PET given in Holst & Mayer (2011) is 30° - 34°C -
slightly warm, 35° - 40°C - warm and over 40°C
- hot. PET values shown in Figure 3 ranged from
16°C to 30°C, i. e, below any warm sensation
level. Still a few individuals interviewed during
the study period reported warm sensation. This
is perhaps due to the ranges shown in Table | are
more applicable for central European conditions
and people. Each country or region of the globe
has to develop its own sensation and comfort
ranges in terms of PET.

In the beginning of this decade a Universal
Thermal Climate Index (UTCI), Blazejczyk et
al. (2010), is in use in some places. This is not
employed in our study. We suggest future
studies of thermal comfort during sports events
of the kind of Olympic Games include these new
and modern ideas and instruments. However, a
recent study by Zare et al. (2018) compared UTCI
with other thermal indices and found that PET
is highly significantly correlated with UTCI (R? =
0.96). That is, the PET presented in the present
study is almost as good as UTCI.

BIOMETEOROLOGY AT THE RIO 2016 OLYMPIC GAMES

CONCLUSIONS

Ingeneral,the Rio Olympics athletics competition
period (August, 5-21) was characterized by
gradual elevation of air temperature due to the
movement of a high pressure area away from the
southeastern Brazil into the Atlantic Ocean. No
severe heat waves or cold waves affected the site
of the games. A frontal system passed over the
city of Rio de Janeiro on 11 and a second system,
a mesoscale trough and associated squall line,
on 16 August 2016. During the passage of the
squall line the wind speed intensified producing
gales at the stadium where the competitions
were held. The high wind speed was responsible
for some incidents in the open air area. Such
facts support the necessity of monitoring and
prediction of meteorological conditions in sports
events that attract large gatherings of people.

The present study is an attempt to relate
the meteorological conditions with thermal
comfort of the spectators as well as the athletes
during some high performance sports events
in the period August 12-17. Approximately one
half of the 100 spectators interviewed expressed
that the conditions were comfortable during
the six-day period studied. This sensation
was due basically to dry weather and low air
temperature (according to the figures). In
relation to the spectators who felt discomfort,
some had cold sensation due to the passage of
a cold front in the beginning of the period. The
remaining interviewees had a feeling of slightly
warm to very warm sensation as a consequence
of gradual increase of air temperature from 13
August. Direct incidence of solar rays over some
parts of the stadium in the afternoon periods
also contributed to this sensation.

The calculated thermal comfort indices
increased, in general, gradually during the
period, indicating a direct relation with the
meteorological data collected by the AWS near
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the stadium. ET and NET were below the air
temperature, indicating that both humidity and
wind contributed to the reduction of the human-
biometeorological indices. Toward the end of the
period, PET was high, as a consequence of high
air temperature. All the indices shown in Figure
3c showed an increasing trend during the period
of study compatible with the thermal conditions
perceived and did not present values incoherent
with their scale.

The indices for the athletes with high level
of physical activity showed that PET estimated
cooler thermal sensation. PET is seen to be
representative for the individuals at rest,
because when submitted to high levels of
physical activity PET indicated cooler thermal
sensation.

The indices of three spectators submitted
to the levels of physical activity of the athletes
showed disagreements, due principally to the
differences in their physical types. That is,
physical type is a relevant parameter for thermal
sensation under physical activity. PET obtained
values of slight cold stress or neutrality. The
ranges of thermal sensation and stress used
here need to be revised in order to serve to
relate meteorological conditions to thermal
sensation at all levels of physical activity and
for each physical type of persons.

Human thermal comfort indices have
been widely used in research involving human
thermoregulation. Evidence shows that the
combined action of meteorological variables
influences the lifestyle and daily activities of
the human population, whether at rest ou in
high performance physical activities. Finally, it
is suggested to repeat this research in other
sporting events in Brazil, at different season
of the year, in order to evaluate the athletes’
performance.
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APPENDIX

BIOMETEOROLOGY AT THE RIO 2016 OLYMPIC GAMES

PROJECT METEOROLOGY APPLIED TO SPORTS

on:
n bt
2 b
INSTITUTO FEDERAL
SANTA CAT/ [i

ederaf

a3
F oA

%, ;

\

Cemaden

oy e

Human Thermal Comfort Questionnaire at the Olympic Stadium - Engenhao

Fri-12( ) Sat-13() Sun-14( ) Mon-15( ) Tue-16( ) Wed-17( ) Thu-18( )

Time of the day:

Age:

Weight:

Residency (State/Province and Country):

Reason you are here:

Number of hours you have been here today:

How would you describe your thermal sensation
in this place?

In your opinion the evironment temperature is:

How do you feel with respect to the wind
conditions in this place?

How do you feel with respect to the humidity
conditions in this place?

How do you feel with respect to the solar
conditions in this place?

In general, do factors such as humidity, wind
and sun contribute to your thermal comfort (or
discomfort)?

If affirmative, which one contributes most?

Gender: M( ) F( ) Other (Please specify)

Height:

( ) Competitor
() Spectator
( ) Workforce

() Other (Please specify):

() Very cold

( ) Cold

() Fairly colde
() Slightly cold
( ) Comfortable
() Slightly warm
() Fairly warm

( ) Hot

() Very hot

( ) Acceptable

() Windy
( ) Comfortably windy
( ) Calm

() Dry
() Pleasant
( ) Humid

( ) Sunny
( ) Enough Sun
( ) Little Sun

Wind: () Yes
Humidity: () Yes
Sun: () Yes

() Unacceptable

() Wind () Humidity () Sun

This project has been authorized by the Main Operations Centre for the Rio 2016 Organising Committee for the

Olympic and Paralympic Games

A realizacdo deste projeto foi autorizada pelo Centro Principal de Operacées do Comité Organizador dos Jogos

Olimpicos e Paralimpicos Rio 2016
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