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Abstract

The outdoor thermal environment might become worse than at present. It causes health injuries
through the deterioration of the outdoor thermal condition. It is necessary to study how humans
stay outdoors and adjust to thermal conditions. The purpose of this study was to clarify the influ-
ence of the outdoor tropical urban thermal environment on a subject who has been acclimatized
to the environment studied using the outdoor thermal environment evaluation index ETFe. In ad-
dition, the tendency of human impacts was clarified through comparison to subjects from a tem-
perate thermal environment region. As a result, it was found that an ETFe of up to 35°C could be
recognized as a temperate thermal environment. However, when the ETFe was greater than 40°C,
the subject could not tolerate the environment. There was not a significant difference of psycho-
logical reaction between Thai people, who were acclimatized to the tropical climate, and Japanese
people, who were acclimatized to the temperate climate.

Keywords

ETFe, Temperate Zone, Thermal Environment, Thermal Sense, Tropical Zone

1. Introduction
In the fifth IPCC report, the IPCC Working Group | Contribution to AR5 [1] mentioned that the agreed size of
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the reduction of carbon dioxide emissions is insufficient to stop the rise of global temperature. The goal of the
international agreement to avoid the severe effects of climate change is to limit the temperature rise to a maxi-
mum of 2°C compared to the temperature before the Industrial Revolution. However, under the present condi-
tions, the temperature increase is likely to be about 3°C. With no effective countermeasures, the average temper-
ature increase will be between 3.7°C and 4.8°C and will cause a negative outdoor thermal environment. The
moderate climate area changes to tropical one and ways to stay in outdoor spaces might need to be reconsidered.

A harsh thermal environment can be beyond the thermoregulatory capability of the human body. A high
thermoregulatory load potentially causes a serious health hazard. In order to prevent health hazards, it is essen-
tial to demonstrate the impact of thermoregulatory loads on the human body. The sensations of hot/cold and of
thermal comfort with respect to thermal environmental stimuli are important triggers for behavioral thermore-
gulation (i.e. environmental evacuation behavior) taken to improve the thermal environment from harsh to com-
fortable. A decline in the independent thermoregulatory function leads to a change in body core temperature. A
delayed or weak thermal sensory response to heat or heat stroke results in delayed environmental evacuation
behavior.

People travel across the globe, and travel time has become exceedingly short. Inevitably, people cannot adapt
to the thermal environment of the region to which they move and cannot help but undergo thermal environment
stimulation. Accordingly, with respect to the thermal environment stimuli, it is important to understand the dif-
ference in the physical impact on a person who has just moved to an area and on a person resident in the area.

Edwards et al. [2] and Watson et al. [3] investigate differences in the skin’s pain sensation in response to heat
stimuli. A field survey by Edwards et al. [2] concludes that there is no scientific basis to indicate clearly an eth-
nic difference in the skin’s heat pain sensation, but Watson et al. [3] find that Asians from tropical regions have
a lower skin heat pain sensory threshold with respect to heat stimuli than Caucasians from the cold region of the
UK.

Taylor [4] and Saat and Tochihara [5] investigate differences in heat acclimatization. A field survey by Taylor
[4] finds no scientific basis clearly indicating an ethnic difference, but Saat and Tochihara [5] find the skin tem-
peratures and rectal temperatures of Thai and Malaysian inhabitants of tropical regions higher and heart and
perspiration rates lower than those of the Japanese.

Lee et al. [6] [7], Wijayanto et al. [8], and Wakabayashi et al. [9] investigate differences in the physiological
response to heat stimuli. Lee et al. [6] find that Malaysian men from tropical regions have a higher temperature
threshold at which warmth is detected compared to Japanese men from a temperate region. They find that the
most remarkable ethnic difference is in the forehead, and suggest the possibility that Malaysians can tolerate a
higher temperature than the Japanese. Lee et al. [7] find that the temperature of the extremities of Malaysians
becomes higher and the core temperature slightly lower compared to those of the Japanese under a strong heat
stimulus. They suggest that Malaysians have a strong ability for stabilizing core temperature. Wijayanto et al. [8]
do not observe any difference in perspiration volume or average skin temperature between Malaysian men re-
siding in a tropical region and Japanese men residing in a temperate region, but find the hand skin temperature
of Malaysian men higher than that of Japanese men. Wakabayashi et al. [9] do not observe any difference in
perspiration volume between adult Malaysian men from a tropical region and adult Japanese men from a tempe-
rate region when under exercise stress, but find the rectal temperature and skin temperature of Japanese men
higher than Malaysian men in this condition.

Tochihara et al. [10] conduct a questionnaire on the expression of heat sensation. They find that “cool” and
“slightly cool” are within the range of thermal comfort for Indonesians from a tropical region but “slightly warm”
and “warm” are also within the range of thermal comfort for Japanese people from a temperate region. In the
survey, “hot” was frequently reported to be in excess of 32°C for Indonesians and 29°C for the Japanese. “Cold”
was frequently reported as being under 20°C for Indonesians and 15°C for the Japanese.

Kurazumi et al. [11] investigate an outdoor thermal environment and its effect on the human body by means
of an outdoor thermal environmental evaluation index ETFe. They demonstrate that Thai people from a tropical
region perceive an ETFe of up to around 35°C to be a moderate thermal environment but cannot tolerate an en-
vironment with an ETFe in excess of around 40°C. Compared to the results of research by Kurazumi et al. [12]
for Japanese people from a temperate region, they observed the tendency that Thai people from a tropical region
prefer a slightly cool thermal environment but found no great difference in heat sensation with respect to hot
stimuli.

Concerning the physiological response to heat stimuli, the above discussion implies that ethnic groups resid-
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ing in tropical regions have a strong resistance to the stimuli in comparison to ethnic groups from other regions.
Only Tochihara et al. [10] and Kurazumi et al. [11] investigate physiological response with respect to heat sti-
muli. In addition, Kurazumi et al. [11] is the only study to investigate ethnic differences in the effect of heat
stimuli on the human body using thermal environmental evaluation index as an evaluation scale. However, there
is currently no research on test subjects in the same thermal environment investigating ethnic differences in the
thermal sensation of the human body using a thermal environmental evaluation index.

In outdoor spaces in summer, when the sunlight gets stronger people feel hotter, when the wind gets stronger
people feel cooler, and when the humidity gets higher people feel hot and humid. In addition, roads become very
hot and very difficult to touch by hand. For that reason, it is necessary to take into consideration environmental
factors, such as thermal radiation, convection, humidity, and heat conduction to estimate the human thermal
sensation.

Givoni et al. [13], Oliveira and Andrade [14], Eliasson et al. [15], Nikolopoulou and Steemers [16], Nikolo-
poulou and Lykoudis [17], and Ishii et al. [18] studied the relationship between physical environmental factors
and human thermal sensation. These studies clarified that the temperature, wind direction, and solar radiation
affect the thermal sensation of humans. Kurazumi et al. [19] studied outdoor environmental factors and showed
that heat conduction, humidity, and short-wave solar radiation affect the thermal sensation of humans. Kurazumi
et al. [20] showed that temperature, humidity, wind flow, long-wave thermal radiation, short-wave solar radia-
tion, and heat conduction affect the thermal sensation and thermal comfort of humans in winter.

When the thermal environment is under heated conditions, short-wave solar radiation shows a strong influ-
ence on the human body and the heat is accumulated in the human body. This raises the risk of heat stroke.
When the air temperature is higher than skin temperature, perspiration is the only way for heat release to occur.
However, when the humidity gets higher, it reduces the amount of perspiration from the human body. Short-
wave solar radiation and long-wave thermal radiation from the ground raise the thermal sensation. For that rea-
son, the deterioration of the outdoor thermal environment due to the heat island phenomenon probably causes a
health hazard [21]. Sunlight shading is an effective way to decrease the influence of short-wave solar radiation.
For long-wave thermal radiation, ground cover and water spaces are effective. Therefore, it is important to study
methods of lowering the outdoor temperature.

Humphreys [22], Brager and deDear [23], de Dear and Brager [24], Nikolopoulou et al. [25], Nikolopoulou
and Steemers [16], Knez and Thorsson [26], Nikolopoulou and Lykoudis [17], Kantor and Unger [27], and Ku-
razumi et al. [28] mentioned that in outdoor spaces, not only physical and physiological environmental impacts
but also psychological environmental impacts affect thermal comfort. In addition, it is also mentioned that based
on the thermal environment history, such as cultural background and the experience of hot and cold environ-
ments, the expectation of the thermal environment, active body heat control, and exposure time affect the adap-
tation to the thermal environment. The research target included not only the thermal comfort but also the space
impression as comprehensive comfort. On the other hand, Kurazumi et al. [12] [19] [20] [29] clarified that there
is a correlation between thermal sensation, thermal comfort, and ETFe by using ETFe, which is an index for
evaluating the outdoor thermal environment [30].

Hoppe [31], Nikolopoulou and Steemers [16], Spagnolo and de Dear [32], Nakano and Tanabe [33], Ahmed
[34], Oliveira and Andrade [14], Lin and Matzarakis [35], Cheng et al. [36], and Kurazumi et al. [12] [29] men-
tioned that outdoor thermal comfort is different to thermal comfort in the indoor environment due to environ-
mental adaptability. In winter, the preferred temperature is lower than in summer, and in summer the accepted
temperature is higher than in winter. The thermal comfort range is wider outdoors than indoors.

These previous studies have mentioned that the thermal sense changes by adaptation to the thermal environ-
ment. Although the thermal sense is the subject of this research, it is treated as an evaluation of a comprehensive
impression of space caused by environmental stimuli other than thermal stimuli. In addition, there is not enough
research using a total thermal environment evaluation index based on the heat balance. Taking into account the
average global air temperature rise, it is important to study the effect of the outdoor thermal environment in
tropical regions on humans.

For that reason, we have targeted the effect of the outdoor thermal environment on humans who are adjusted
to the environment by carrying out experiments on subjects and by using the outdoor thermal environment eval-
uation index ETFe [30]. In addition, the difference in the effect on human body between subjects from a tempe-
rate thermal environment region and a tropical region was investigated.

It is rare to perform a subjective experiment that measures physiological and psychological quantities accord-
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ing to the response of the human body using a large number of subjects. It is difficult to perform an experiment
that is hypothesized on a statistical population. Accordingly, as only a small number of subjects was used in this
study, the new data are a significant addition to the literature.

2. Experimental Design
2.1.ETFe

The sensational and physiological climatic environment index ETFe [12] [19] [20] [29] [30] converts the effects
of the following parameters into a temperature-equivalent value: change in posture, air velocity, long-wave ra-
diation in outdoor space, short-wave solar radiation, contact material surface temperature, and humidity.

The influence of the 5 environmental factors in relation to the heat balance of the human body can be ex-
pressed by the newly defined thermal environment evaluation indices of 1) heat transfer area combined with the
thermal velocity field (TVFy,), which concerns air velocity, 2) radiant heat transfer area combined with the ef-
fective radiation field concerning long-wave radiation in outdoor spaces (ERFy ), 3) radiant heat transfer area
combined with the effective radiation field concerning short-wave solar radiation in outdoor spaces (ERFy,s), 4)
heat transfer area combined with the effective conduction field (ECF,), which concerns the surface temperature
of the part which is contacted, and 5) the effective humidity field at the enhanced conduction-corrected modified
effective temperature (EHFgrre), which concerns humidity. Therefore, the addition of each temperature-converted
factor is possible and the composite effect of the sensational and physiological temperature in outdoor spaces, as
well as the discrete effect of each meteorological element, is quantified.
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hy hy hy hy hy
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ERF,s = R, (6)
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where

ETFe: enhanced conduction-corrected modified effective temperature [K];

Ta: air temperature [K];

TVFua: convective heat transfer area of the combined with thermal velocity field [W/m?];

ERF,.: radiant heat transfer area combined with the effective radiation field concerning the long-wave radia-
tion in outdoor space [W/m?];

ERF.s: radiant heat transfer area combined with the effective radiation field concerning the short-wave solar
radiation in outdoor space [W/m?];

ECFy: heat transfer area combined with effective conduction field [W/m?];

EHFeree: effective humidity field at enhanced conduction-corrected modified effective temperature [W/m?];

h,.: radiant heat transfer coefficient concerning the long-wave radiation in outdoor space [W/m?K];

fcl: effective surface area of clothing [-];

feonv: CONvective heat transfer area factor [];

feond: cONnductive heat transfer area factor [];

fiaq: radiant heat transfer area factor [];

Fcl: thermal efficiency factor of clothing [-];

Fcld: thermal efficiency factor of clothing [-];

Fclo: thermal efficiency factor of clothing under the standard condition [-];

Fpcl: permeation efficiency factor of clothing [-];
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he: convective heat transfer coefficient [W/m?K];

hg: resultant heat conductance [W/m?K];

hq: sensible heat transfer coefficient in outdoor space [W/m?K];

ho: convective heat transfer coefficient under the standard condition [W/m?K];

L: Lewis relation coefficient [K/kPa];

pa: water vapor pressure at the outdoor air temperature [kPa];

Peree . Saturated water vapor pressure at enhanced conduction-corrected modified effective temperature
[kPa];

Rs: short-wave solar radiation heat gain of human body [W/m?];

Ts: convection-corrected mean skin temperature [K];

T surface temperature of the contacted material [K];

T,.: mean radiant temperature concerning long-wave radiation in outdoor space [K];

w: skin wettedness [-].

2.2. Measurement Procedure

The measurements were carried out in September in the Thai rainy season. Mobile measurements were carried
out on the campus of Chulalongkorn University, Bangkok, Thailand. A speed of movement slower than a nor-
mal walking speed of around 0.7 m/s was used to transport the instruments for measuring the thermal environ-
ment. The observation points were drawn at random and the routes to the points were not decided in advance.
With consideration to the burden on subjects, physical strength, and mental fatigue, the experiments were con-
cluded two hours after commencement of the mobile observations.

In indoor spaces such as a laboratory, it is exceedingly rare to test subjects in extremely hot or cold thermal
environments. In general in experiments that include a transition period or an uneven thermal environment, the
time period of the exposure experiment is the subject of the investigation, so that the heat balance between the
human body and the environment becomes almost a steady state. However, the thermal environment of outdoor
spaces in summer can be harsh to the extent that there are cases of deaths due to heatstroke, whilst that of winter
outdoor spaces can be harsh to the extent that the body temperature drops to the zone of hypothermia. Accord-
ingly, one must avoid extended periods in outdoor spaces where one would be struck by direct solar radiation in
a high-temperature environment. It is unavoidable for experiments on subjects in outdoor spaces to include a
short transition period. Thus, taking into consideration the subjects’ maintenance of a standing posture and the
response time of the Assman ventilated psychrometer, the actual measurements of the human body response and
thermal environment in the mobile observations were performed after having set up the observation device and
left it for 10 minutes. Naturally, it can be conjectured that the longer the exposure time of the subjects, the more
the response of the human body will differ, and the experimental period was determined with consideration of
the safety of the subjects. Unlike in an indoor space, it is difficult to consider spending extended periods in an
outdoor thermal environment that can be considered uncomfortable due to behavioral thermoregulation by
means of refuge behavior from environmental stress.

As mentioned in the Introduction, adaptation to the thermal environment according to the influence of thermal
environment history is apparent [16] [17] [22] [24]-[27], but a research method that removes the influence of
environment history to the greatest possible extent was used in this study, similar to Kurazumi et al. [12]. Sub-
jects moved on foot to the observation point after sitting and being at rest at the control observation point 0.
While they were seated and at rest, the subjects were informed that psychological reporting involves a thermally
specific senses, that they would be asked to report the average sensation during the period of exposure, and that
intake and excretion of liquids were prohibited until the conclusion of the experiment. The speed of movement
of the subjects was slower than a normal walking speed of around 0.7 m/s, as detailed above, because of the
movement of the trolley in which the research staff transported the measurement instruments.

After arriving at each measurement point, the subjects waited in a standing posture for 5 minutes while the
test staff set up the measurement instruments for the thermal environment, and preparations for measurement
were concluded. Thereafter, the subjects were exposed to the thermal environment in a standing posture for 10
minutes, as shown above. The subjects were positioned around the thermal environment measurement instru-
ments in a location where they did not obstruct the sunlight, and they surrounded the thermal environment mea-
surement instruments. As the subject of the research was the environment surrounding the observation stations,
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the point of gaze of the subjects was free and unfixed. After 10 minutes’ exposure, the subjects reported the av-
erage thermal sensation and the average thermal comfort of the whole body that they experienced while exposed
at the observation point.

2.3. Outline of the Observation Points

A summary of the observation points is shown in Table 1. For the measurements, observation points were se-
lected with consideration of the condition of the ground surface such as bare ground, where the surface is gravel
or soil, paved ground such as concrete, asphalt, or blocks, green areas covered with plants, and water surfaces
comprising the solid angle of the total celestial sphere (hereafter, green factor), and with consideration of the
condition of the sky factor due to buildings, trees, and so on. Five observation points were chosen.

2.4. Subjects

The subjects were 17 healthy females. The height of the 10 Thai females was 1.599 + 0.100 m and their weight
was 51.7 £ 10.0 kg. The height of the 7 Japanese females was 1.574 + 0.057 m and their weight was 50.0 + 7.0
kg. Thus, they were considered to be good subjects by most physical standards.

In accordance with the Declaration of Helsinki [37], the details of the experiment were explained sufficiently
well in advance to the subjects and their consent was obtained for their voluntary participation.

2.5. Measured Parameters

Air temperature, humidity, air velocity, short-wave solar radiation heat quantity, long-wave radiation heat quan-
tity, ground surface temperature, and water surface temperature were measured. The air temperature and humid-
ity were measured at a height of 0.9 m above the ground by means of an Assmann ventilated psychrometer. The
average air velocity was measured for 5 minutes at a height of 0.9 m above the ground by an omnidirectional
anemometer (Kanomax Japan: 6533; measurement range: 0.05 - 5.00 m/s). Concerning the short-wave thermal
radiation heat quantity in the visible to near- and mid-infrared regions and the terrestrial thermal radiation in the
far infrared region, thermal radiation heat quantities in the downwards and upwards directions were measured at
a height of 0.9 m above the ground by a long-wave and short-wave radiometer (Climatec: CHF-NRO1; sensitiv-
ity: 10 mV/(kWm?), short-wave range: 285 - 3000 nm; long-wave range: 4500 - 40,000 nm). The ground sur-
face temperature in the vicinity of the human body was measured by a radiation thermometer (Nippon Avionics:
F30S; measurement wavelength: 8 - 14 um; measurement range: —20°C - 100°C; sensitivity: 0.1°C). The sky
factor was measured by a photograph of the sky taken 0.9 m above the ground at the observation point using a
fisheye lens with an orthographic projection format (Yasuhara: Madoka 180 7.3 mm f/4) and a 35 mm digital

Table 1. Summary of observation points.

Surrounds Surrounds
. ; Ground Skywards Surrounds Surrounds ~ Sky  U-green  D-green
POl S i surface surface ’:?(;;h East side Ssci)g(teh West side  factor factor factor

'i‘;:\'gg:\g Concrete  Eaves  Building  Building  Building  Building 0142 0340  0.005

1 Pond side G;%srf d& Tree Open Open Tree Tree 0.255 0.659 0.763
Grass &

2 Playground Bare Open Open Open Open Open 0.875 0.091 0.814
ground

Building Sunshade - .
side’s bower Concrete & Tree Open Building Tree Building  0.165 0.560 0.073
4 Open space Concrete Open Building Open Open Open 0.414 0.362 0.173

Sky factor is defined as the ratio of configuration factor of sky to semi celestial sphere. U-green factor is defined as the ratio of upward green, water
surface and the like solid angles to semi celestial sphere solid angle. D-green factor is defined as the ratio of downward green, water surface and the

like solid angles to semi celestial sphere solid angle.
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SLR camera (Sony: «7). The ratio of green and water surface solid angles to the celestial globe solid angle was
calculated by a converted photograph of equisolid angle projection format from a photograph in orthographic
projection format. The albedo, sky temperature, and ground surface temperature were calculated from each di-
rectional component of the short-wave thermal radiation heat quantity and the long-wave thermal radiation heat
quantity. Moreover, it is indispensable for the surrounding ground surface temperature to calculate the heat
conduction. The ground surface temperature in the vicinity of the human body was measured by a radiation
thermometer. For the calculation of the long-wave thermal radiation heat quantity, the sky and ground surface
temperatures were used.

The skin temperature was measured at the positions of the head, trunk, arm, hand, thigh, lower leg, and foot.
The skin temperature was measured as the physiological condition of the human body by a thermistor ther-
mometer (Nikkiso-Thermo, N542R and ITP8391; measurement range: —-50°C - 230°C; resolution: 0.01°C). The
subjects freely selected their clothing to be suitable for the weather on the measurement day. The quantity of
clothing of the subjects was evaluated by the “clo” value by composite ensemble method for layering the cloth-
ing reported by the subjects [38]. With regard to the psychological condition of the human body, the psycho-
logical response was measured after staying at the observation point for 10 minutes by means of rating the
whole-body thermal sensation (seven grades) and whole body thermal comfort (in 5 grades).

ETFe is an outdoor thermal environment evaluation index based on the heat balance of the human body. Ac-
cordingly, the calculation of the mean skin temperature used for the calculation of the heat balance of the human
body was performed using a weighting coefficient that takes into account the convective heat transfer area [39].
Then, the calculation of the mean skin temperature used for the physiological response of the human body was
performed using a weighting coefficient that takes into account heat conduction [40]. The values of Kurazumi et
al. [41] were used for the convective heat transfer area factor, the radiant heat transfer area factor, and the con-
duction heat transfer area factor for the human body. The value of Miyamoto et al. [42] was used for the projec-
tion area ratio of the human body. The values of Kuwabara et al. [43] were used for the radiant heat transfer co-
efficient and convective heat transfer coefficient of the human body. The value of Hendler et al. [44] found from
the reflectance by the skin of electromagnetic waves with wavelengths of 3 um or more was used for the emis-
sivity of the human body. The value of Hendler et al. [44] and Elam et al. [45] found from the reflectance by
skin of electromagnetic waves with wavelengths of 3 um or less was used for the solar radiation absorption co-
efficient of the human body. The short-wave solar radiation heat gain of human body is affected to the short-
wave solar radiation absorption. According to VDI3787-2 [46], the direct solar radiation absorption of a clothed
body is 0.7. However, Watanabe et al. [47] showed that the direct solar radiation absorption of a body clothed in
black is 0.76 and that of a body clothed in white is 0.38. Also, the direct solar radiation absorption of other
clothing combinations or everyday clothing falls within the range of direct solar radiation absorption for a body
in black or white clothing. In this study, a value for the short-wave solar radiation absorption of 0.7, which is
standard for a naked body, was used. It was difficult to measure the skin wetness. Therefore, the calculation
method used to arrive at these values of the skin wetness was the thermoregulation model of Kurazumi et al.
[48]. The standard air velocity was considered to be 0.1 m/s and the standard clothing was considered to be a
naked body (Oclo). The ETFe index theoretically proposed by Kurazumi et al. [19] [30] was calculated from
weather observation values, the skin temperature of the human body, and the clothing value.

The statistical tests used the JMP statistical package. The statistical analyses were carried out with a signific-
ance level of 0.05.

3. Results
3.1. Observed Weather Summary

Table 2 shows the results of weather measurements of the observation points. There are the observation points
that the air temperature was under 30°C. The September Bangkok climate is around the end of the rainy season.
Through the year, this season has a relatively low temperature. Although there is much downward short-wave
solar radiation at observation points in the open and with a high sky factor, the downward short-wave solar radi-
ation at the observation points with low sky factors, such as wooded areas in which sunlight is blocked, is re-
markably low. The results of direct sunlight were clearly observed.

The amount of long-wave thermal radiation is remarkably high at each observation point. Even when people
take refuge from short-wave solar radiation by moving to shaded areas out of direct sunlight, a large amount of
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Table 2. Results of field survey.

Date Time Point :I'a :I'f RH Va RSdWZn RSug Rdezn RLug
[*C] [c [%] [m/s] [Wim?] [Wim?] [Wim?] [Wim?]

16 Sept. 10:33 0 311 28.7 57.1 1.05 13.27 1.93 482.68 469.84
16 Sept. 10:54 1 314 30.8 57.4 0.70 121.19 29.20 485.55 485.07
16 Sept. 11:14 2 325 38.7 54.5 2.02 549.48 95.03 455.59 516.58
16 Sept. 11:33 3 314 304 56.8 0.93 21.49 0.00 486.96 480.64
16 Sept. 11:49 4 325 37.1 55.5 1.44 569.60 132.96 466.02 514.84
16 Sept. 12:11 0 31.6 20.0 55.3 0.62 12.67 0.00 489.77 476.94
16 Sept. 13:36 0 322 295 53.7 0.75 6.11 0.00 488.34 476.03
16 Sept. 13:56 4 31.8 413 62.1 131 208.24 57.08 477.30 522.59
16 Sept. 14:12 3 30.7 31.0 65.4 0.84 8.28 0.00 484.16 482.48
16 Sept. 14:41 2 312 34.7 62.8 1.49 339.08 60.43 455.71 500.82
16 Sept. 14:55 1 312 30.6 64.0 0.57 49.47 10.58 484.49 480.98
16 Sept. 15:12 0 30.8 285 63.7 0.87 2.56 0.00 484.75 476.34
17 Sept. 9:43 0 294 26.2 63.9 0.80 9.78 1.54 473.98 466.35
17 Sept. 10:01 4 304 36.2 61.1 0.82 371.60 88.62 464.96 494.73
17 Sept. 10:17 3 29.8 29.3 61.8 0.93 25.62 0.57 476.51 473.49
17 Sept. 10:34 2 304 35.3 57.7 1.75 526.72 88.73 443.95 496.35
17 Sept. 10:50 1 30.0 29.1 60.8 0.60 69.63 12.68 476.55 475.52
17 Sept. 11:07 0 30.2 27.2 575 0.86 7.38 0.00 479.36 470.65
17 Sept. 12:54 0 305 29.2 61.8 0.56 15.63 3.07 479.31 471.52
17 Sept. 13:12 1 30.6 29.2 63.6 0.85 89.34 19.29 480.09 477.77
17 Sept. 13:27 2 320 40.8 58.9 1.25 910.18 143.49 449.42 524.54
17 Sept. 13:44 3 30.2 30.9 64.5 0.63 18.31 0.00 482.48 481.66
17 Sept. 13:59 4 30.8 40.2 59.1 1.30 337.03 86.61 462.60 515.14
17 Sept. 14:19 0 305 28.3 61.8 0.87 10.92 0.00 483.93 475.30

Ta is range of air temperature. Tf is range of ground surface temperature in the vicinity of the human body. RH is relative humidity. Va is air
velocity. RSdwn is downward short wave solar radiation. RSup is upward short wave solar radiation. RLdwn is downward long wave radiation.
RLup is upward long wave radiation.

thermal radiation will be received. At observation points strongly influenced by short-wave solar radiation such
as concrete paving, which has a high heat capacity, the daytime surface temperatures in the vicinity of the ob-
servation point, compared with other observation points, were remarkably high. At the observation points 2 and
4 that were affected the short-wave solar radiation, the ground surface temperature was over 40°C. For example,
the contact surface area between a standing person and the ground is small, yet due to heat conduction the heat
received by the person is inferred to be strongly influenced by the contact skin temperature. Additionally, a high
surface temperature in the vicinity of the person is inferred to strongly influence the amount of thermal radiation
due to a high angle factor.

With an average value of relative humidity of 60.0% and a standard deviation of 3.4%, no remarkable differ-
ences in measured results were shown. Therefore, the difference in evaporative heat loss is thought to weakly
influence the sensational and physiological body temperature.

The average wind speed at all measurement points was comparatively low at less than 2 m/s and had a stan-
dard deviation of 0.4 m/s; no remarkable differences in measured results were shown. Therefore the difference
in convective heat exchange is thought to weakly influence the sensational and physiological body temperature.
The wind speed of the observation points 2 and 4, which have more short-wave solar radiation within an opened
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space, were higher than the observation points 0 and 3, which are surrounded by buildings in a canyon-like
space. The thermal sense is influenced by the wind speed that is a variation factor in the environment.

Kuwasawa et al. [49] reported a reduced rate of response of discomfort even in thermal environments re-
sponded to be hot due to the effects of varying airflow rather than constant airflow. Oliveira and Andrade [14]
revealed that wind speed has the largest influence on comprehensive comfort. Also a trend showing that the ef-
fect of wind speed was a more negative factor for women than for men was revealed. Kurazumi et al. [19] [20]
revealed that the influence of wind speed in both summer and winter was a variation factor that influenced the
thermal sensation and thermal comfort of people in the outdoor thermal environment. Since the human body va-
ries with environmental factors, an uncomfortable experience is possible, and that experience is considered to
influence the relative comfort. Therefore, for other environmental factors, variations resulting from a reduced
thermal effect are considered to be a variation factor for discomfort.

3.2. Relationship between Thermal Sensation and Observation Point

Figure 1 shows the relationship between thermal sensation and observation points. The “slightly warm” to “hot”,
for observation points 2 and 4 with a high sky factor, expressed as percentages that are remarkably high. Obser-
vation point 2 ground surface is covered with plants. Also, observation point 4 ground surface is almost covered
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Figure 1. Relationship between thermal sensation and observation point.
JPN is a Japanese female. THA is a Thai female.
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with concrete pavement. These observation points, which have the influence of the reflected sunlight, in spaces
with nothing to block the sunlight, feelings of hot sensation are considered to be more apparent. On the other
hand, the “neutral” to “cool” of observation points 0 and 3, which have a low sky factor, are expressed as per-
centages that are remarkably high. The observation point 1, which has a high green factor, is expressed as a per-
centage that is intermediate response in the range from observation points 0 and 3 with a low sky factor to ob-
servation points 2 and 4 with a high sky factor. At observation points 0 and 3, which have a low sky factor, di-
rect sunlight is almost blocked by buildings and trees. However, at the observation point 1, sunlight filtering
through the trees is considered to show an intermittent effect. Fukagawa et al. [50] show that visual stimuli
created by water scenes serve to lower hot thermal sense by engendering a sense of depth. Kurazumi et al. [51]
show that, in the indoor thermal environmental index ETF [52] deemed fairly uncomfortable, that is at a range
of hotter than 28°C - 29°C, clear improvements were observed in thermal sense due to the influence of visual
stimuli such as natural elements including vegetation like greenery. The visual stimuli of greenery and other
factors served to ameliorate perceptions of high heat and high body temperature. At each observation point ex-
pressed as a responded percentage of thermal sensation that did not show a large difference between Thai fe-
males, who were acclimatized to the tropical region, and Japanese females, who were acclimatized to the tem-
perate region.

The result of testing the homogeneity of responses was p < 0.01 (x* = 140.31), showing a significant differ-
ence. Especially, observation points 0 and 3 were p < 0.05 against observation points 1, 2, and 4, showing a sig-
nificant difference. The effect of blocked sunlight and ground cover is considered to show remarkable results in
terms of thermal sensation.

At observation points 0, 1, 2, and 4, the result of testing the homogeneity of the responses of the thermal sen-
sation between Thai females who are thermally adapted to tropical regions and Japanese females who are ther-
mally adapted to temperate regions were p > 0.10 (° = 2.373, p = 0.668), (* = 2.838, p = 0.585), (x* = 1.077,p =
0.783), (x* = 2.795, p = 0.593), respectively, showing no significant difference. However, observation point 3
was p < 0.05 (x* = 8,575, p = 0.036) showing a significant difference. This is because the “warm” has been
shown significant differences in p < 0.05 and the number of samples that responded “warm” is small. Observa-
tion point 3 east and west faces are covered with a concrete building, the ground surface is covered with con-
crete pavement, north and south faces are open. Therefore, depending on the positioning, the long-wave thermal
radiation by the surface temperature of the building and the ground surface is increased. Moreover, the sample
number of subjects that responded to the “warm” of thermal sensation is remarkably small. This is the cause.
However, it on the whole was evident that there is no great difference in the psychological response of the ther-
mal sensation between Thai females who are thermally adapted to tropical regions and Japanese females who
are thermally adapted to temperate regions.

3.3. Relationship between Thermal Comfort and Observation Point

Figure 2 shows the relationship between thermal comfort and the observation points. Observation points 0 and 3,
which have a low sky factor, are values of “comfortable”, expressed as percentages that are remarkably high. As
with thermal sensation, plants such as trees that block sunlight are considered to show an effect. Then, observa-
tion points 2 and 4, which have a high sky factor, are values of “comfortable”, expressed as a percentage that is
remarkably low. In spaces with nothing to block the sunlight, feelings of discomfort are considered to be more
apparent. Also, observation point 1, which has a high green factor, shows a remarkable percentage value for
“comfortable” and “slightly uncomfortable”, which is remarkably high. This is considered to show that the ob-
servation point 1 was the almost same responses of the observation points 0 and 3. Similar to the indications of
thermal sensation, this is considered to show that the influence of visual stimuli such as natural elements includ-
ing vegetation like greenery [50] [51].

The result of testing the homogeneity of responses was p < 0.01 (}° = 105.59), showing a significant differ-
ence. Observation points 0 and 3 were p < 0.05 against observation points 1, 2, and 4, showing a significant dif-
ference. Especially, observation point 1 was p < 0.05 against observation points 0, 2, 3, and 4, showing a signif-
icant difference. The effect of blocked sunlight and ground cover is considered to show remarkable results in
terms of thermal comfort.

At each observation point, the result of testing the homogeneity of the responses of the thermal comfort be-
tween Thai females who are thermally adapted to tropical regions and Japanese females who are thermally



Y. Kurazumi et al.

N=3 N4 N=16 N=s, N-o
) ightly ery xtremely
. Comfortable D uncomfortable D Uncomfortable D uncomfortable uncomfortable

THA
18 N=20

JPN

N:

N=17 N=11 N=9 N=0 N=0
3 Slightly Very Extremely
. Comfortable D uncomfortable D Uncomfortable: D uncomfortable D uncomfortable

THA

JPN

N=17 N=20

N=1 N=14 N=16 N=7 N=0
Slightly . Very Extremely
e . Comforiable Duncomfonablc D Tncotfortable D uncomfortable D uncomfortable
z : =
2 E &
B
Z 2 Z
=} o
= Z —_
< & I
> Z
&
‘é’ N=5 N=20 N=10 N=3 N=0
(@) Slightly ) Very Extremely
. Comforfable D uncomfortable D Uncomiortable D uncomfortable I:l uncomfortable
<
jas}
=

JPN

N=42 N=23 N=8 N=1 N=0
Slightly . Very Extremely
. Comfortable D uncomfortable D Uncomfortable D uncomfortable D uncomfortable

THA

JPN

0 10 20 30 40 50 60 70 80 90 100

RESPONSE RATE [%]

Figure 2. Relationship between thermal comfort and observation point.
JPN is a Japanese female. THA is a Thai female.

adapted to temperate regions were p > 0.10 (y° = 1.673, p = 0.643; x> = 2.765, p = 0.429; y* = 2.435, p = 0.487;
x> = 0.755, p = 0.686; ¥* = 0.723, p = 0.868), respectively, showing no significant difference. It was evident that
there is no great difference in the psychological response of the thermal comfort between Thai females and Jap-
anese females.

4. Discussion
4.1. Relationship between ETFe and Thermal Sensation

Figure 3 shows the relationship between ETFe and thermal sensation. A trend was seen in responses on the “hot”
side as ETFe increased. The thermal sensation was distributed over a wide range from cool to hot, clearly indi-
cating significant individual differences. Thai thermal sensation compared to the Japanese one has shown a ten-
dency to respond to the extreme thermal sensation to cold side to hot side. However, thermal comfort did not
show a large difference between Thai females, who were acclimatized to the tropical region, and Japanese fe-
males, who were acclimatized to the temperate region. For ETFe in the range from 35°C - 40°C, responses of
thermal sensation were in the range from “slightly cool” to “slightly warm”, and a variation was confirmed. The
sense of expectation for the degree of comfort in outdoors is low to begin with and they are not judged to be
comfortable thermal environments. So it is conceivable that the acceptability raised the neutral temperature that
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is responded a neither too hot nor too cold even for thermal environment conditions where ETFe was high.

As pointed out by Kurazumi et al. [12], even if a thermal environment is uncomfortable, outdoor spaces in
which the place can be selected or viewed according to free will are considered to allow a wider range of ther-
mal environments. Namely, freedom of movement occurs in the test environment, which is thought to generate a
large variation in the psychological response in outdoor spaces. Also, outdoor thermal environment factors of
short-wave solar radiation, long-wave thermal radiation, and airflow are unstable and asymmetric. These envi-
ronmental factors have the possibility of contributing to local influences on the body even if the heat balance is
equal across the whole body. Horikoshi et al. [53] clarified that directional variations appear due to the influence
of local thermal radiation on psychological responses of the body in unstable, asymmetric thermal radiation en-
vironments. Kurazumi et al. [54] clarified the existence of parameters for unstable, asymmetric thermal radiation
environments in thermal environment indices assessing body influences in unstable, asymmetric thermal radia-
tion environments. A large variation was shown to occur in the physiological response due to the influence of
these parameters. Namely, due to not only the psychological responses to thermal actions in outdoor spaces but
also the influences of other environmental stimuli, large variations in thermal sensation are considered to occur
in outdoor spaces.

On the other hand, in environments with ETFe exceeding 40°C, a strong trend in responses on the “hot” side
was shown. In an environment in which the body is subjected to moderate thermal stimuli, the influence of other
environmental stimuli is considered to change the psychological response of the body. However, in an environ-
ment with remarkably strong thermal environmental stimuli, the psychological response is considered to become
specialized to the thermal environmental stimuli.

By focusing on the regression line, moderate thermal sensations, that is, from slightly cool to slightly warm,
respond at an ETFe of from 34.2°C - 37.0°C on Thai females and at an ETFe of from 32.4°C - 37.2°C on Japa-
nese females. Japanese females are able to respond to a wider range of thermal environments than the Thai fe-
males. An analysis of covariance (ANCOVA) was performed. The result revealed that this relationship was par-
allelism (RMSE = 1.68, F (3, 209) = 1.27, p = 0.261) and homogeneous (Welch’s t-test, RMSE = 2.83, t (300) =
2.18, p = 0.030). It was evident that there is no great difference in the psychological response of the thermal
sensation between Thai females and Japanese females.
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4.2. Relationship between ETFe and Thermal Comfort

Figure 4 shows the relationship between ETFe and thermal comfort. The trend of as ETFe increases, the “un-
comfortable” strength rises is shown. The thermal comfort was distributed over a wide range from slightly un-
comfortable to very uncomfortable, again clearly indicating significant individual differences. Thermal comfort
did not show a large difference between Thai females and Japanese females. In the range of ETFe up to 40°C,
responses of thermal comfort in the range from “comfortable” to “uncomfortable” are shown.

Similar to the indications of Kurazumi et al. [12], the outdoor thermal environmental factors of short-wave
solar radiation, long-wave thermal radiation, and airflow are unstable and asymmetric, and the influence of these
environmental factor parameters is considered to cause variations in physiological responses. The body can ex-
perience discomfort depending on variations in environmental factors, and those experiences are thought to in-
duce relative comfort. Therefore, even for other environmental factors, variations affecting reductions in thermal
actions are thought to become variation factors of discomfort.

Looking at the regression line, an ETFe thought to be responded as “comfortable” is 31.1°C for Thai females
and at an ETFe of from 31.5°C for Japanese females. Also, an ETFe thought to be responded as “uncomfortable”
is 38.2°C for Thai females and at an ETFe of from 37.7°C for Japanese females. As pointed out by Hodppe [31],
Nikolopoulou and Steemers [16], Spagnolo and de Dear [32], Nakano and Tanabe [33], Ahmed [34], Oliveira
and Andrade [14], Lin and Matzarakis [35], Cheng et al. [36], and Kurazumi et al. [12], high air temperatures
are common in the summer season. Environmental stimuli in outdoor spaces have the possibility of arousing
physiological responses that differ from those in indoor spaces. Then, the sense of expectation of the degree of
comfort in the outdoors is low to begin with, and they are not judged to be comfortable thermal environments,
then it is conceivable that the acceptability raised the thermal environment conditions, even for ETFe was high.

An analysis of covariance (ANCOVA) was performed. The result revealed that this relationship was paral-
lelism (RMSE = 0.772, F (3, 221) = 0.633, p = 0.427) and homogeneous (Welch’s t-test, RMSE = 0.919, t (223) =
0.763, p = 0.446). It was evident that there is no great difference in the psychological response of thermal com-
fort between Thai females Japanese females.

4.3. Relationship between Thermal Sensation and Thermal Comfort

Figure 5 shows the relationship between thermal sensation and thermal comfort. The strength of “uncomfortable”
thermal comfort shows an increasing trend that follows the rising level of thermal sensation. The psychological
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responses demonstrate significant individual differences. However, based on the distribution density in ranges,
results suggest that thermal sense did not show a large difference between Thai females and Japanese females.
Many of the thermal sensation responses of “comfortable” are in the range from “cool” to “slightly warm”.

Looking at the regression line, the most “comfortable” side of the thermal sensation is shown to be in the
range of “slightly cool” to “neutral”, at —0.98 on Thai females and at —0.66 on Japanese females. Kurazumi et al.
[11] clarified that the most comfortable response is shown to be in the range from “slightly cool” to “neutral” for
the target of Thai people in the dry season. This study of the rainy season shows the same tendency as dry sea-
son experiments of Kurazumi et al. [11]. From the most “comfortable” side thermal sensation response value,
the ETFe of 31.4°C for the Thai females and 29.3°C for Japanese females was calculated.

An analysis of covariance (ANCOVA) was performed. The result revealed that this relationship was paral-
lelism (RMSE = 0.651, F (3, 221) = 0.899, p = 0.344) and homogeneous (Welch’s t-test, RMSE = 0.919, t (223) =
0.763, p = 0.446). It was evident that there is no great difference in the psychological response of thermal sense
between Thai females and Japanese females.

5. Conclusions

By evaluating the influence of the outdoor thermal environment on the human body using the thermal environ-
ment evaluation index ETFe based on the body heat balance equations of the outdoor environment, it has been
made clear that there is no great difference in the psychological response of thermal sense between Thai people,
who are thermally adapted to tropical regions, and Japanese people, who are thermally adapted to temperate re-
gions. Also, the ETFe is kept at around 35°C in a moderate thermal environment, but it is clear that an environ-
ment with an ETFe exceeding 40°C is not acceptable. The knowledge gained from this experiment is as follows:

1) Up to an ETFe of 35°C, responses of thermal sensation were shown in the range from “cool” to “warm”.
However, in environments with ETFe exceeding 40°C, a strong trend in responses on the “hot” side was shown.
In an environment in which the body is subjected to moderate thermal stimuli, even if a thermal environment is
uncomfortable, outdoor spaces in which the place can be selected or viewed according to free will are consi-
dered to allow a wider range of thermal environments; however, in an environment with remarkably strong
thermal environmental stimuli, the psychological response is shown to become specialized to the thermal envi-
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ronmental stimuli.

2) The moderate thermal sensations, that is, from “slightly cool” to “slightly warm”, respond at an ETFe of
34.2°C - 37.0°C on Thai females and at an ETFe of 32.4°C - 37.2°C on Japanese females. Japanese females are
able to respond to a wider range of thermal environments than the Thai females.

3) An ETFe thought to be “comfortable” is 31.1°C for Thai females and an ETFe of 31.5°C for Japanese fe-
males. Also, an ETFe thought to be “uncomfortable” is 38.2°C for Thai females and an ETFe of 37.7°C for Jap-
anese females. The sense of expectation for the degree of comfort in outdoors is low to begin with, and they are
not judged to be comfortable thermal environments, then it is conceivable that the acceptability raised the ther-
mal environment conditions, even if ETFe was high.

4) The most “comfortable” side of the thermal sensation is shown to be in the range from “slightly cool” to
“neutral”. From the most “comfortable” side thermal sensation response value, the ETFe of 31.4°C for Thai fe-
males and 29.3°C for Japanese females was calculated.
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