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Abstract

When the thermal environment is under heated conditions, short-wavelength
solar radiation shows a strong influence on the human body and the heat is
accumulated in the human body. In order to demonstrate the effect of the
short-wavelength solar radiation absorptivity of clothing on physiological
temperature in an outdoor space, the relationship between the thermal envi-
ronment evaluation index, ETFe, and the thermal sensory perceptions of the
human body was investigated. A significant temperature difference of 2.7°C
was shown for an ETFe that was thermally neutral (neither hot nor cold). The
effect of short-wavelength solar radiation absorptivity was strongly apparent
in ETFe when direct solar radiation was strong and in warmer outdoor spaces.
In an outdoor space where the effect of the sky factor and albedo was strong,
the setting of the short-wavelength solar radiation absorptivity was demon-
strated to greatly impact the estimation of perceived and physiological tem-
perature. When interviewing subjects on clothing in an outdoor space, it is
essential to obtain the hue of clothing.
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1. Introduction

Improvement of the urban thermal environment is becoming a pressing issue

due to health problems that can result from a deterioration of it. The evaluation
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of the urban climate by means of the thermal environment evaluation index is a
technique to quantify the improvement of the impact of the urban thermal en-
vironment on the human body. It is important to clarify the relationship with
the physiological and psychological responses of the human body by quantifying
the heat exchange from the environment to the human body. For this, physical
values for the climatic and environmental elements of the space in which the
human body is present are essential.

When the thermal environment is under heated conditions, short-wavelength
solar radiation shows a strong influence on the human body and the heat is ac-
cumulated 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-wavelength solar radiation
and long-wavelength thermal radiation from the ground raise the thermal sen-
sory perceptions.

It has been demonstrated that solar radiation affects the thermal sensory per-
ceptions of the human body in an outdoor space [1]-[8]. In addition, it has been
demonstrated that the effects of direct and reflected solar radiation are signifi-
cant in an outdoor space. In addition, the outdoor thermal environment has a
strong effect on the thermal and comfort sensations of the human body [9] [10]
[11]. It has furthermore been demonstrated that short-wavelength solar radia-
tion becomes significantly stronger as a factor that impacts the thermal envi-
ronment evaluation index in an outdoor space [7] [8]. According to the effect of
albedo, a road surface can become heated to the degree whereby it cannot be
touched directly, and sensational and physiological temperature increases.
Meanwhile, the sensational and physiological temperature becomes low for bare
ground in the shade or surfaces with ground cover. Therefore, it is necessary to
consider the effect of short-wavelength solar radiation on the heat balance of the
human body.

When investigating the sensational and physiological temperature, it is essen-
tial to quantify the heat exchange from the environment to the human body. The
method of handling clothing with respect to this quantification differs depend-
ing on whether the heat balance of the human body is investigated by a clothed
standard, or an unclothed standard. When investigating the sensational and
physiological temperature by a clothed standard, it is still necessary to specify
the thermal coefficient values of the human body. However, when investigating
the sensational and physiological temperature with an unclothed standard, the
number of undetermined values is fewer in comparison to the clothed standard.
Numerical values related to meteorological environment elements, along with
behavioral and autonomic thermoregulation, can be measured and estimated
with a certain degree of accuracy. However, it is essential to ascertain the effect
that the range of the specified value has on sensational and physiological tem-

perature.
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Between the clothing and skin surface, there are sections where the clothing
and skin surface are in contact and sections where they are not, and an air layer
exists. Therefore, the following heat exchanges exist, making it difficult to handle
by simple heat conduction alone: heat exchange due to heat conduction between
clothing and the skin surface, heat conduction due to convection due to the flow
of air between clothing and the skin surface, heat exchange due to
long-wavelength thermal radiation between clothing and the skin surface and
heat exchange due to short-wavelength solar radiation passing through clothing.
However, as described above, clothing can be treated simply as a thermal resistor
when investigating heat exchange from the environment to the human body by
an unclothed standard in an outdoor space. Although the process of heat trans-
fer is complicated and there are undefined thermal coefficient values, the speci-
fication of the heat transfer area and short-wavelength solar radiation absorptiv-
ity is important.

From the above, it may be essential to demonstrate the effect of short-wavelength
solar radiation when investigating the effect of thermal environment stimulation
on sensational and physiological temperature in an outdoor space. Accordingly,
based on the experimental data of Kurazumi et a/ [12], which clearly shows
outdoor thermal environmental factors and the thermal sensory perceptions of
the human body, the effect of the short-wavelength solar radiation absorptivity
of clothing on the relationship between thermal environment evaluation index
ETFe [13] and the thermal sensory perceptions of the human body was investi-

gated.

2. Treatment of Short-Wavelength Solar Radiation

When investigating the sensational and physiological temperature with an un-
clothed standard, the body heat balance is the thermoregulation model in out-
door (Figure 1). To investigate the heat conduction owing to behavioral ther-
moregulation, or the heat exchange owing to short-wavelength solar radiation, it
is essential to split the modeling into segments that receive solar radiation di-
rectly, segments that receive solar radiation indirectly through reflection or scat-
tering, and segments that receive heat conduction. The solar radiation (solar
constant) that arrives in the Earth’s atmosphere can be separated into direct so-
lar radiation that propagates directly through the atmosphere and arrives as pa-
rallel rays, sky radiation that is scattered by the atmosphere and arrives from the
sky and reflected solar radiation that arrives after being reflected by the Earth’s
surface and surface features (e.g. buildings). From within these, the combination
of direct and sky radiation is usually measured as the vertical quantity of total
solar radiation.

The specific treatment method for short-wavelength solar radiation is to sep-
arate the vertical quantity of total solar radiation into direct and sky radiation,
and then find these components. Next, the short-wavelength solar radiation in-

cident on the human body is found using the projected area factor of the human
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Figure 1. Thermoregulation model in outdoor [17]. Ry is short-wavelength solar
radiation heat gain on human body. Ry, is sky radiation on human body. R is reflected
solar radiation on human body. R; is long-wavelength radiation heat loss from human
body. C, is convective exchange at skin. C; is conductive exchange at skin. E is
evaporative heat loss from skin. Hres is respirational heat loss. fcl is effective surface area
factor of clothing. Fcl is thermal efficiency factor of clothing. Fpcl is permeation efficiency
factor of clothing. Fcld is thermal efficiency factor of clothing. f, is projected area factor.
fcond is conductive heat transfer area factor. Tcrs is core temperature of direct solar

radiation part. T, is skin temperature of direct solar radiation part. T is core

crl

temperature of indirect solar radiation part. Ty, is skin temperature of indirect solar
radiation part. T, is core temperature of heat conduction part. T, is skin temperature of
heat conduction part.

body corresponding to the solar altitude. Then, the sky is treated as a perfect
diffusing surface and the sky radiation on the human body is calculated using
the angle factor between the human body and the sky. Thereafter, the reflected
solar radiation on the human body is calculated using albedo and the shape factor
between the human body and surface features. Accordingly, the short-wavelength

solar radiation heat value can be expressed by the following equations.

R,=R, +R, +er (1)

Rdn = ahIDN fClFlep (2)

R, =a,F, , JelFelf,, 3)

R}_’/' = athm'fh pg ITH fCIFCIf;ad (4)
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Ap
=7 (5)
4
Srad = :d (6)

In calculating the reflected solar radiation from surface features, the area of
the surface features receiving the radiation and the direct solar and sky radiation.
Incident on it are essential. However, the specification of these physical quanti-
ties is exceedingly difficult. Accordingly, the surface features are treated as hav-
ing the same reflectance as the Earth’s surface in this research. That is, the hu-
man body can be considered as existing in an open space enclosed by the sky
and the ground surface. Consequently, the reflected solar radiation on human

body can be expressed by the following equations.

R, =a, (1 g )pg Iy JelFel £, @
F,,
Fjvky—h =1 _Fgwi—h = 2ky (8)

whereby,

Rg: short-wavelength solar radiation heat gain on human body [W/m?]

Ry, direct solar radiation on human body [W/m’]

R, sky radiation on human body [W/m’]

R reflected solar radiation on human body [W/m’]

Ip: direct solar radiation [W/m?]

Igy: sky radiation [W/m?]

I solar radiation [W/m?]

Fy.1: angle factor between human body and sky [N.D.]

F,.in angle factor between human body and surface feature, i, on ground
[N.D.]

Fg: sky factor [N.D.]

ay: solar radiation absorptivity [N.D.]

pg: albedo [N.D.]

fcl: effective surface area factor of clothing [N.D.]

Fcl: thermal efficiency factor of clothing [N.D.]

f.: projected area factor [N.D.]
f

T

.- radiant heat transfer area factor [N.D.].
A_: projected area [m’]
A_,;: radiant heat transfer area [m?]

A,: total body surface area [m?].

3. Results and Analysis

Before the subject experiments of Kurazumi et al [12] were investigated accord-
ing to the thermal environment evaluation index enhanced conduc-
tion-corrected modified effective temperature, ETFe [13]. This approach incor-
porates the effect of short-wavelength solar radiation in an outdoor space. The
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thermal environment evaluation index, ETFe, can temperature-convert the ef-
fects of wind speed, difference in postural position, long-wavelength radiation
temperature, short-wavelength solar radiation, heat conduction and humidity
into individual meteorological elements. The addition of each tempera-
ture-converted factor is also possible. The composite effect on sensational and
physiological temperature in the outdoor space, as well as the discrete effect of
each meteorological element, can be quantified on the same evaluation axis. The
thermal environment evaluation index, ETFe, for an outdoor space can evaluate
differences in postural position as behavioral thermoregulation in the outdoor
space. Furthermore, verification tests that demonstrate the relationship between
ETFe and the physiological and psychological effect on the human body have
been carried out. Its validity as an outdoor environmental evaluation index that
includes short-wavelength solar radiation and heat conduction from the ground
surface in the outdoor space has been demonstrated [7]. This research demon-
strates that short-wavelength solar radiation and heat conduction are significant
environmental factors that contribute to ETFe [13]. In addition, the effect on the
human body of the outdoor environment is shown by ETFe [12]. The range of
thermal comfort of the outdoor environment is also shown by ETFe [14].

Air temperature and humidity, wind speed, short wavelength solar radiation,
long-wavelength thermal radiation, ground surface temperature, water surface
temperature, sky factor and green coverage ratio were measured as thermal en-
vironment conditions. Tympanic temperature, temperature of the skin exposed
to airflow and skin temperature of parts in contact were measured as physiolog-
ical conditions of the human body. Clothing was freely selected by the subjects
according to the weather on the day of measurement, and the clo value of the
subjects was found by the clo value method [15], which layers the combined
clothing of the subjects. Concerning the skin wetness level, values calculated by
the Two-Node Model [16], which is a thermoregulation model for an outdoor
space, were used because it was difficult to find the perspiration quantity. Kura-
zumi et al. [17] developed and investigated a thermoregulation model for an
outdoor space. In the present study, values for skin wetness level calculated by
the behavioral thermoregulation model of Kurazumi ef al [17] were used.

Measurement points were selected with consideration for 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 in plants or wa-
ter surfaces. The selection also took into consideration the sky factor, due to
buildings or trees. The proportion of the solid angle of components of greenery,
water, etc. comprised the solid angle of the total celestial sphere. The subjects
consisted of 19 healthy young women for the summer experiments and 19
healthy young women for the winter experiments, for a total of 38 subjects.

The total measurements for all subjects at each observation point were 906.
The dates of the measurements were August 4 - October 14, 2010, and January
27 - March 29, 2011. The short-wavelength solar radiation downwards differed

significantly in the sun and in the shade.
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The effect of the short-wavelength solar radiation absorptivity of clothing on
ETFe was investigated based on the experimental data of Kurazumi et al [12].
ETFe [13] is an outdoor thermal environment evaluation index based on the
heat balance between the environment and the human body. Accordingly, the
calculation of the mean skin temperature used for the calculation of the heat
balance of the human body was performed using a weighting factor that takes
into account the convective heat transfer area [18]. Then, the mean skin temper-
ature used for the physiological response of the human body was calculated us-
ing the weighting coefficients that take into account heat conduction [19]. The
surface area of the human body was calculated using the values of Kurazumi et
al. [20] [21]. The values of Kurazumi et al. [22] were used for the convective heat
transfer area ratio, radiant heat transfer area ratio and conductive heat transfer
area ratio of the human body. The values of Miyamoto et al. [23] were used for
the projection ratio of the human body. The values of Kuwabara ef al. [24] were
used for the radiant heat transfer coefficients and convective heat transfer coeffi-
cients of the human body. The Hendler et al. [25] value of 0.98, found from the
reflectance of skin in electromagnetic waves of wavelength 3 pm or more, was
used for the emissivity of the human body. The outdoor thermal environment
evaluation index, ETFe, theoretically proposed and verified by Kurazumi et al
[7] [13], was calculated from weather observation values, along with the skin
temperature and clo value of the human body. In view of the postural position
and clothing conditions, there was considered to be no change in heat transfer

area because all subjects were standing in the experiment in the outdoor space.

4. Effect of Short-Wavelength Solar Radiation Absorptivity

The heat transfer of short-wavelength solar radiation is affected by the
short-wavelength solar radiation absorptivity. According to VDI3787-2 [26], the
short-wavelength solar radiation absorptivity of a clothed human body is 0.7.
Also, the short-wavelength solar radiation absorptivity in the heat balance model
was used in the evaluations of an outdoor space by Jendritzky and Nubler [27],
and Pickup and de Dear et al. [28]. However, Watanabe ef al [29] considered the
absorptivity of a human body wearing black clothing to be 0.76, and that of one
wearing white clothing to be 0.38. They also considered solar radiation absorp-
tivity for other combinations of clothing, or ordinary clothing, to be within the
range of the absorptivity of human body wearing black clothing or white cloth-
ing. Therefore, in view of these data, this study investigated the relationship be-
tween ETFe and the thermal sensory perceptions of the human body in the case
short-wavelength solar radiation absorptivity, and the absorptivity was set at 0.7,
0.5and 0.3.

Figure 2 shows the relationship between ETFe and thermal sensation value.
Although there is spread, a trend is shown whereby the thermal sensation be-
comes higher as ETFe increases. The spread for the thermal environment with

higher ETFe is larger than for the thermal environment with lower ETFe. It may
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Figure 2. Relation between ETFe and thermal sensation. oy, is
solar radiation absorptivity.

be that the thermal environment with high ETFe, in which short-wavelength so-
lar radiation tends to be stronger, was more susceptible to short-wavelength so-
lar radiation absorptivity. Kurazumi et al. [12] considered the short-wavelength
solar radiation and the microclimate due to the air current formed by spreading
foliage and dense trees to have affected the thermal sensation of the subjects.
Environmental stimuli in outdoor spaces are in a heterogeneous and unsteady
state. Also, the environmental stimulus was evaluated at the measurement points
of measurement instruments. However, although the reaction of the subjects was
evaluated in the vicinity of the measurement instruments, it can be considered to
be exceedingly difficult to have multiple subjects exposed to identical environ-
mental stimuli, due to the effect of the screening of short-wavelength solar radi-
ation by foliage, for example, or changes in air current.

Focusing on the regression line for each short-wavelength solar radiation ab-
sorptivity, ETFe that can be considered to report the same thermal sensation is
higher with higher short-wavelength solar radiation absorptivity. In addition,
the effect of short-wavelength solar radiation absorptivity becomes strongly in-
dicated in thermal environment conditions with a higher ETFe, at which direct
solar radiation may be stronger.

An inspection of the parallelism of the regression lines gave p < 0.10 (F = 5.68,
p = 0.003), indicating a significant difference in the parallelism of the regression
lines. An inspection of the homogeneity of regression gave p > 0.10 (F = 0.00, p
= 1.00), indicating no significant difference in the homogeneity of the regression
lines. Therefore, in the range of the results of ETFe in this study, the
short-wavelength solar radiation absorptivity was considered to influence the
thermal environment evaluation during the summer, when the short-wavelength

solar radiation is strong. The solar radiation absorptivity was also considered in-
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fluential at locations where the sky factor is high.

The ETFe shown to report a thermally neutral sensation of 50 is 32.4°C,
31.1°C and 29.7°C in the case where short-wavelength solar radiation absorptiv-
ity was 0.7, 0.5 and 0.3, respectively. A temperature difference of 2.7°C was
shown in ETFe for a thermally neutral temperature. In an outdoor space where
short-wavelength solar radiation is even stronger, the difference in the thermal
neutral temperature may further increase.

As identified by Humphreys [30], Brager and de Dear et al [31], and Kura-
zumi et al [7] [9] [10] [11] [12], the sense of expectation that the thermal envi-
ronment of an indoor space will be more comfortable than the air temperature
of an outdoor space has an effect. It is, therefore, considered possible that the
neutral temperature for the indoor space will change. Unlike indoor spaces, the
sense of expectation with regards to comfort in outdoor spaces is low to begin
with. They are not judged to be comfortable thermal environments, so it is con-
ceivable that this permissibility raised the neutral temperature, even for thermal
environment conditions whereby ETFe is high.

Figure 3 shows the relationship between ETFe and comfort sensation value.
ETFe peaks at about 30°C - 35°C, and reports tended to be on the uncomfortable
side when the ETFe [13] was higher or lower than that.

Similar to the relationship between ETFe and thermal sensation, the spread
for the thermal environment with higher ETFe is larger than for the thermal en-
vironment with lower ETFe. The thermal environment with high ETFe, in which
short-wavelength solar radiation tends to be stronger, may be more susceptible
to short-wavelength solar radiation absorptivity. Although it can be considered a
kind of thermal adaption, environmental factors other than thermal functions

and changes in environmental factor have an effect in outdoor spaces, and this
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Figure 3. Relation between ETFe and thermal comfort. a, is
solar radiation absorptivity.
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may have been expressed as a spread of reported value. Kurazumi et al [12] con-
sidered there to be the possibility for the human body to experience discomfort
by means of environmental factors changing, and this experience can be thought
to induce relative comfort.

Even if the heat balance in the whole human body is the same, there is the po-
tential for contribution from a local factor on the human body. Horikoshi et al.
[32] demonstrated that the psychological reactions of the human body in an un-
even/asymmetric thermal radiation environment have directionality, which
changes under the effect of local thermal radiation. Kurazumi et a/ [33] demon-
strated that a parameter exists for the uneven/asymmetric thermal environmen-
tal factors in the thermal environment evaluation index that evaluates the effect
on the human body in an uneven/asymmetric thermal radiation environment.
They showed that there is a large spread in the response of the human body due
to the effect of this parameter. Accordingly, changes with an effect that mitigates
thermal function are considered to be variables for discomfort with regards to
other environmental factors also. Although thermally uncomfortable, the out-
door space in which one’s selection of location, or point of focus, may be
changed at will may permit a broader range of thermal environment than an in-
door space.

A test of equivalence for short-wavelength solar radiation absorptivity was
conducted by a nonlinear quadratic regression model. The second order coefti-
cient was p < 0.10, between a short-wavelength solar radiation absorptivity of 0.3
and 0.7, indicating a significant difference. Therefore, in the range of the results
of ETFe in this study, it was correct to set the short-wavelength solar radiation
absorptivity as being able to influence the thermal environment evaluation in
summer, when the short-wavelength solar radiation is strong, or at locations
where the sky factor is high.

Focusing on the regression line of short-wavelength solar radiation absorptiv-
ity, the ETFe at which neither a comfortable, nor uncomfortable, comfort value
of 50 may be reported is 28.1°C in the low temperature region and 40.1°C in the
high temperature region when the short-wavelength solar radiation absorptivity
is 0.7. When the short-wavelength solar radiation absorptivity is 0.5, this ETFe is
26.9°C in the low temperature region and 38.0°C in the high temperature region.
Also, when the short-wavelength solar radiation absorptivity is 0.3, this ETFe is
25.5°C in the low temperature region and 35.5°C in the high temperature region.
This demonstrates that the allowable range of comfort in an outdoor space is
wider than that in an indoor space.

As identified by Humphreys [30], Brager and de Dear [31], Nikolopoulou et
al [34] and Kurazumi et al [7] [9] [10] [11] [12], the expectation of a comforta-
ble environment in an outdoor space is considered to be low. These reports con-
sider different thermal sensory perceptions to be reported even in the same cli-
matic conditions. Unlike for indoor spaces, the sense of expectation with regards

to comfort in outdoor spaces is low to begin with. They are not judged to be
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comfortable thermal environments, so it is conceivable that even thermal envi-
ronment conditions with high ETFe are permitted.

The above demonstrates that the effect of short-wavelength solar radiation
absorptivity is strongly indicated in outdoor thermal environments with a higher
ETFe, at which direct solar radiation may be stronger. Also, in an outdoor space
where the effect of the sky factor and albedo is strong, the selection of the
short-wavelength solar radiation absorptivity was demonstrated to greatly affect
the estimation of outdoor heat environment index.

When evaluating the thermal environment, clothing is regarded as an insulat-
ing material that exists between the human body and the external environment.
In ASHRAE Standard 55:2017 [35] and ISO Standard 7730:2005 [36], the ther-
mal resistance of various representative clothes is listed. A method of calculating
the thermal resistance of clothing by combining clothes is also given. However,
data is rarely presented on short-wavelength solar radiation absorptivity.

It is extremely difficult to individually specify the thermal resistance of the
subject’s clothing and the short-wavelength solar radiation absorptivity when
taking actual measurements and conducting experiments. As described above, it
is possible to set the thermal resistance of clothing to within a certain range.
However, the short-wavelength solar radiation absorptivity is rarely the repre-
sentative value.

The short-wavelength solar radiation absorptivity changes in accordance with
the hue and lightness of the clothing, along with the short-wavelength solar rad-
iation reflectance. In an outdoor space, the effect of short-wavelength solar radi-
ation is remarkable, and the setting of the short-wavelength solar radiation ab-
sorptivity has a significant effect on the thermal environment evaluation. In view
of this fact, when taking actual measurements or conducting an experiment, the
hue of the clothing as a minimum must be considered an essential requirement
when interviewing subjects on clothing, or setting the clothing conditions of the

human body.

5. Conclusions

In order to demonstrate the effect of the short-wavelength solar radiation ab-
sorptivity of clothing on sensational and physiological temperature in an out-
door space, the relationship between the thermal environment evaluation index,
ETFe, and the thermal sensory perceptions of the human body in an outdoor
space were investigated based on the subject experiments of Kurazumi et al. [12],
which investigated the effect of the thermal environment on the human body in
an outdoor space.

A significant temperature difference of 2.7°C was shown for an ETFe that re-
sulted in a neither hot nor cold, thermally neutral temperature. The effect of
short-wavelength solar radiation absorptivity was strongly indicated in thermal
environment conditions with a higher ETFe, in which direct solar radiation may

be stronger. Also, in an outdoor space where the effect of the sky factor and al-
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bedo is strong, the selection of the short-wavelength solar radiation absorptivity
was demonstrated to greatly affect the evaluation of the heat environment.

For the evaluation and estimation of the outdoor thermal environment, it is
essential to obtain the hue of clothing as a minimum when interviewing subjects
on clothing or setting clothing conditions of the human body in an outdoor

space.
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