https://doi.org/10.1016/j.buildenv.2018.08.059 This is the Pre-Published Version.

Assessment of outdoor thermal comfort in Hong Kong based on the individual desirability

and acceptability of sun and wind conditions
Jianong Li?, Jianlei Niu®*, Cheuk Ming Mak?, Taiyang Huang?, Yongxin Xie?
& Department of Building Services Engineering, The Hong Kong Polytechnic University,

Hunghom, Kowloon, Hong Kong

bSchool of Architecture, Design and Planning, The University of Sydney, Australia

Abstract

Outdoor thermal comfort is crucial for encouraging people to participate in outdoor activities
beneficial to human health. It can be achieved by employing appropriate urban design. An
advanced assessment of outdoor thermal comfort can provide useful suggestions for urban design.
Therefore, in this study, outdoor thermal comfort was assessed from a new perspective by
investigating subjects’ perceptions of sun and wind conditions. A field test including a physical
measurement and a questionnaire survey was carried out. Subjects’ thermal sensations and
desirability of the sun and wind conditions were investigated using the Universal Thermal Climate
Index (UTCI). The acceptability of sun or wind conditions to subjects were proposed to reveal the
influences of sun and wind conditions on subjects. The results showed that the surveyed thermal
sensation responding to the UTCI depended on the desirability of sun and wind conditions for
subjects. The probability of these desirabilities fitted well with the UTCI in logistic regressions.
The expected mean thermal sensation votes (MTSV) versus UTCI determined considering the
effects of these desirabilities on thermal sensations was better agreed with the surveyed MTSV.
Acceptable UTCI ranges of 16.5-35.0°C and 18.5-32.5°C were determined by sun acceptability
and wind acceptability respectively. Wind conditions were predominant in influencing subjects’
thermal perceptions at UTCI of less than 26.0°C, while sun conditions were predominant at UTCI
of greater than 26.0°C. Subjects were more tolerant of sun conditions than wind conditions. These

investigations are significant for thermally comfortable urban design and future studies.
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Nomenclature
OUT _SET* Standard Effective Temperature for Outdoor

UCB model UC-Berkeley thermal comfort model

UEB Underneath-elevated-building

UTCI Universal Thermal Climate Index

PET Physiological Equivalent Temperature

SVF Sky View Factor

H/W Ratio of height and width of building

leio  Clothing insulation

M Metabolic rate, Met

Ta Air temperature, °C

Ty Globe temperature, °C

Tmrt Mean radiant temperature, °C

v Wind speed

RH Relative humidity, %

vio Wind speed at 10 m

Ki Short-wave irradiance, W/m?

Li Long-wave irradiance, W/m?

ak Absorption coefficients of the clothed human body in short-wave radiation
gp Emissivity of the clothed human body in long-wave radiation
o Stefan-Boltzmann constant

Wi  Angle factor between human and the ambient

TCV Thermal Comfort VVote



TSV Thermal Sensation Vote

Ds Sun desirability

Dw Wind desirability

Pps Probability of the sun desirability

Pow Probability of the wind desirability

Prcv Probability of the thermal comfort vote

As Sun acceptability

Aw Wind acceptability

MTSV Mean Thermal Sensation Vote

MTSVps Expected mean thermal sensation vote in terms of the sun desirability

MTSVpbw Expected mean thermal sensation vote in terms of the wind desirability

1. Introduction

Physical or recreational outdoor activities are strongly encouraged owing to their benefits for
citizens’ health, positive emotions, and stress reduction. However, urban heat island effects caused
by rapid urbanization have altered local climate environments and can affect outdoor activities [1].
Concerns about urban heat island effects and the increasing demands of citizens for outdoor
recreational activities have brought increasing attention to the issue of outdoor thermal comfort in
urban areas [2].Outdoor thermal comfort is an important factor in attracting people for outdoor
activities, and it can be significantly affected by urban design [3-6]. Thus, outdoor thermal comfort
studies are important for providing suggestions to urban designers in designing urban

environments and citizens in participating in outdoor activities.

Over the years, studies on outdoor thermal comfort have been carried out in different climate
regions and urban areas and have made significant contributions to explaining thermally
comfortable outdoor environments [7-11]. Assessments of outdoor thermal comfort which aim to
explore the effects of personal and meteorological factors on the perception of microclimate

environments are significant in outdoor thermal comfort studies. Field studies combining on-site



measurements of meteorological parameters and questionnaire surveys have been largely applied
to assess outdoor thermal comfort at the precinct scale [2]. Some previous studies have applied
thermo-physiological indices, such as the physiological equivalent temperature (PET) [12],
universal thermal climate index (UTCI) [13], UC-Berkley thermoregulation model [14], or the
standard effective temperature for outdoor (OUT_SET¥*) [15] to correlate with surveyed thermal
sensations for predicting local thermal sensations. These indices address effects of four
meteorological parameters (solar radiation, wind speed, ambient air temperature, and humidity)
and two personal factors (metabolic rate and clothing insulation) on thermal perceptions of people
based on human energy balance theory [16] and human thermoregulation model [17]. However,
one outdoor thermal comfort study in Hong Kong demonstrated that the correlation between the
PET and surveyed thermal sensations variated with different microclimate environments within
one campus area [18]. Additionally, these correlations depend on the season; subjects feel hotter
in summer than in winter at the same PET value due to the thermal adaptation [19]. Lin et al. found
that in Taiwan, the thermal comfort characteristics indicated by the correlation between PET and
thermal sensation in hot and humid climate regions differed from those in temperate climate
regions [20]. Similar results were obtained by Lam et al, Huang et al, and Lai et al in applying
UTCI to assess outdoor thermal comfort [10, 18, 21]. It is assumed that human thermal sensation
is not only influenced by the physical and physiological effects of addressed six parameters
evaluated by thermo-physiological indices, but also by other factors related to human psychology
such as thermal history, culture, adaptation, and acclimation [22]. Or people are more sensitive to
the change of those parameter, which could not be captured by thermal indices. [23]. A single

thermal index is insufficient to represent actual human thermal sensations.

In outdoor thermal comfort studies, evaluation of the relative influence of meteorological
parameters on outdoor thermal comfort is also significant. It can help urban designers to modify a
predominant parameter by building morphology and green infrastructure to effectively improve
outdoor thermal comfort [5, 6, 24-26]. Yang et al [27], Walton et al [28], and Xie et al [23] verified
that the wind speed and solar radiation in microclimate environments were the dominant factors
influencing human thermal perceptions. Some studies have found that the shading effect provided
by buildings with certain height/width (H/W) ratios and trees with high sky view factor (SVF) is
significant for reducing solar radiation and improving outdoor thermal comfort in summer [5, 29].

Others have concluded that lifted buildings with the first floor built on stilts are efficient for



amplifying wind speed and improving outdoor thermal comfort on hot days [30, 31]. Useful
suggestions for urban designers to determine when, where and whether to improve sun or wind
conditions for improving outdoor thermal comfort are required. Although the overall effect of
microclimate environments on people can be obtained from a thermo-physiological index, the
relative influence of sun and wind conditions corresponding to a thermo-physiological index on
people is not clear. Therefore, aforementioned suggestions cannot be provided with a given value
of a thermo-physiological index. Additionally, although acceptable microclimate environments
can be determined by various methods [32, 33], those determined by acceptable sun or wind
conditions which are practical for urban designers and can be achieved by urban interventions have

not been discussed.

To address the aforementioned challenges, this study aimed to assess outdoor thermal comfort by
investigating individual perceptions of sun and wind conditions, including sun and wind
desirability and sun and wind acceptability, in complex microclimate environments. On the one
hand, previous studies have seldom specifically addressed individuals’ perceptions of sun and
wind conditions in terms of desirability and acceptability [34, 35]. Sun or wind desirability
reflecting individuals’ desire of changing or maintaining sun or wind conditions for thermal
comfort is a subjective evaluation related to both physiological and psychological factors that may
influence the thermal sensation. On the other hand, assessing sun and wind acceptability can
compare the effects of sun and wind conditions on the thermal comfort and help to determine
acceptable microclimate environments for people. Therefore, sun and wind desirability are
investigated and evaluated with corresponding thermal sensations against a thermo-physiological
index UTCI. Acceptability of sun and wind conditions, which is derived from the desirability of
sun and wind conditions and the overall thermal comfort, are also investigated at varying UTCI.
This study assesses outdoor thermal comfort from a new perspective by examining the relationship
between thermal sensation and UTCI with perceptions of sun and wind conditions and intuitively
revealing the influence of sun and wind conditions perceived by subjects. The results of this study
will provide useful information for urban designers to improve outdoor thermal comfort and

suggest further outdoor thermal comfort study directions.

2. Methodology



2.1 Study area

This study was carried out on a university campus in Hong Kong based on a field study consisted
of on-site measurements of meteorological parameters and questionnaire surveys. The various
microclimate environments caused by specific building morphologies and green infrastructure
elements make this university campus a suitable area to conduct an outdoor thermal comfort study.
Three typical sites in the campus were selected as the study area, as shown in Figure. 1. Sites 1
and 3 are called UEB sites, located in the spaces beneath elevated buildings, which are typical
building morphologies on this campus. Site 2 is called OPEN site, an open square where the solar

radiation is strong for most of the day.

Fig. 1 Selected sites for the field survey

2.2 Field survey

The field survey was conducted during the early afternoon on 23 days between March 2016 and
December 2016. Different weather types corresponding to summer, autumn, and winter in Hong
Kong were covered in this study [18]. On each survey day, subjects were required to wear suitable
clothing according to the forecast outdoor air temperature and experience the microclimate

environments at each of the three sites in turn. The subjects were required to spend 15 min

participating in mild activities (sitting, standing, or wandering) as they want at each site, some of

them sitting and others standing or wandering for the whole 15 min. They were also required to

record the time they spent on sitting, standing or wandering during this 15 min. Due to each activity




type corresponding to a certain metabolic rate, the weighted-average metabolic rate of one subject

conducting required activities was then determined in this 15 min to represent the average activity

level. It is to help subjects to adapt to the microclimate environments and approach thermal steady

state at each site before filling out the guestionnaire. The ethical approval was obtained from the

institution before conducting these field surveys. Fhe-subjects-spent-15-min-participating-in-mid

2.2.1 On-site meteorological measurements

Meteorological measurements were conducted using a movable mini weather station to record
meteorological parameters, including the air temperature (Ta, °C), wind speed (v, m/s), irradiance
including short-wave irradiance and long-wave irradiance (Qs/Qi, W/m?), relative humidity
(RH, %), and black globe temperature (Tg, °C) at 1.5 m above the ground. The movable mini
weather station and instruments for measuring meteorological parameters are shown in Fig. 2. The
short-wave and long-wave irradiance from six directions (north—south, east-west, and up—down)
were measured using 3 sets of net radiometers (CNR4, KIPP&ZONEN) with high sensitivity. The

instruments for measuring Tg, v, Ta, are-RH, and irradiance have-been-detatledin-apreviousstudyis
listed in Table 1 [18]. All of the instruments used are recommended by the ASHRAE handbook

for meteorological parameter measurements [36].

Table 1 Specifications of measurement instruments

Meteorological parameter Instrument Measuring Range Accuracy
Air temperature (T3) -50-50 (°C) +0.3°C
Relative humidity (RH) R.M.YOUNG 41382 0-100 (%) +1%
Wind speed (Va) R.M.YOUNG 81000 0-40 (m/s) +0.05m/s
Globe temperature (Tq) TJHY HOZY-1 -40-60 (°C) +0.3°C
. i 1 _ _ 0,
Long-wave irradiance (Q)) Kipp & Zonen CNR-4 250-250 (W) <10%

Short-wave irradiance (Qs) 0-2000 (W) <5%
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Fig. 2 Mini weather station with instruments for measuring meteorological parameters

2.2.2 Questionnaire survey

Subjects for the questionnaire survey were recruited from the university, and a total of 1107
questionnaires were collected. The questionnaire was divided into two parts: questions in the first
part involved personal perceptions of the microclimate environments, including the thermal
sensation vote (TSV), overall thermal comfort vote (TCV), and evaluation of the sun and wind
conditions; questions in the second part involved personal information, including age, gender,
height, weight, clothing status, and activity level during the prior 15 min.

According to the questionnaire results, the average metabolic rate indicating the activity level of

the subjects was 1.18 Met with a standard deviation of 0.23 Met. Because that 87.3% of metabolic
rates concentrated in a range of 1.0-1.3 Met, and the number of data of different metabolic rate

was very limited, an average metabolic rate of 1.18 Met was adopted to represent the outdoor

activity level of subjects in this study. The average clothing insulation of the subjects was 0.36 .o

clo during the summer field tests and 0.59 l.o-clo during the winter field tests. Subjects in this

study were all Chinese adults with the age from 20 to 50 (young and middle-aged) and lived in

Hong Kong for more than a year. The average age of all subjects was 25. Among these subjects,

523 of them were male and 589 of them were female. The average weight of the female was

52.17kg and that of the male was 67.33kg. The average heights of the female and male were

161.2cmand 172.9cm, respectively. Questions related to thermal sensation (ASHRAE seven-point




scale), thermal comfort (five-point scale), and the evaluation of sun and wind conditions were

discussed and analyzed in this study. These questions are listed in Table 2.

Table 2 Questions 1-4 of the questionnaire

1. What do you want to improve for sunlight?

Less No change More
sunlight (1) needed (2) sunlight (3)
2. What do you want to improve for wind?
Less No change More
wind (1) needed (2) wind (3)

3. Dressed as you are at the moment, please tick the scale to show how you currently feel.

|IJIIII]||IIIIII]IIIIIIIlIIIIII

Cold Cool Slightly cool MNeutral Slightly warm Warm Hot

4. How would you describe the whole thermal environment?
Very Uncomfortable Neutral Comfortable Very comfortable
uncomfortable (-2) (-1) (0) (1) (2)

In Table 2, the “sunlight” in Question 1 may include both the light and heat effects of the sun, and
the “wind” in Question 2 may include convective cooling and other effects of the wind. Therefore,
the answers to Questions 1 and 2 reflect the desire of subjects to change or maintain sun and wind
conditions are kind of psychological responses influenced by physiological and psychological
status of subjects. The sun desirability (Ds) and wind desirability (Dw) were measured using a
three-point scale of subjective feedback: too strong (less sunlight desired, Ds = 1), just right (no
change in sunlight desired, Ds = 2), or too weak (more sunlight desired, Ds = 3). Likewise for the
wind desirability: too strong (less wind desired, Dw = 1), just right (no change in wind desired, Dw

= 2), and too weak (more wind desired, Dw = 3).

2.3 Data analysis

2.3.1 Index for assessing outdoor thermal comfort

Thermal perceptions of subjects are investigated in complex microclimate environments. The
universal thermal climate index (UTCI), which is a thermo-physiological index, is used in this
study to estimate the effects of aforementioned six parameters on people by an equivalent air
temperature [37]. Based on this estimation, further assessment of outdoor thermal comfort is

carried out and can be more easily understood.



The UTCI was developed based on the most advanced “Fiala” multi-node thermal regulation
model, and is used to describe the thermal stress imparted on the human body by a thermal
environment [38]. It is defined as the air temperature of a reference environment which can
produce the same thermal stress as an actual environment, and is composed of the air temperature
(Ta, °C), mean radiant temperature (Tmr, °C), wind speed at 10 m over the floor (vio, m/s), and
relative humidity (RH, %). Owing to the advanced clothing model [39] coupled with the UTCI

model, and the assumption of a constant metabolic rate of 2.3 Met of people in the UTCI model

UTCI is only a function of four meteorological parameters: Ta Tmr, V1o, and RH (Eq. 1). Thus,

UTCI is a suitable simple and user-friendly index to roughly estimate the effects of microclimate
environments on people with low metabolic rates. The UTCI was calculated using the BioKlima
2.6 software package [40].

UTCI = f(T,; Tyurt; V1o; RH) = Ty + Of fset(Ty; Tyt V1o; RH) (@)

2.3.2 Calculation of mean radiant temperature and wind speed at 10 m above the ground

The mean radiant temperature (Tmrt) is an input for calculation of the UTCI, and is an important
parameter in outdoor thermal comfort studies. Tmt can be calculated based on the globe
temperature or the six-directional short-wave and long-wave irradiance. Owing to its accuracy, the
latter six-directional technique was used in this study to obtain the Tt in the outdoor environment
[41]. Tmrecan be calculated with Eq. (2) using collected short-wave and long-wave irradiance data.

Tpoe = \/Z W(“"K”p“) — 2731 )

A detailed explanation of this equation was provided in a previous study conducted by Huang et
al [18].

For calculation of the UTCI, the wind speed at 10 m above the ground is required rather than the
wind speed measured at the pedestrian level. Therefore, the wind speed measured at 1.5 m above
the ground needs to be converted to a wind speed at 10 m above ground using Eq. (3) [42].

10
log(557)

v =7V X
10 log(z2-)

©)



where v, is the wind speed at 10 m above ground, v is the measured wind speed, and x is the

height of the mini weather station, which has a value of 1.5 m.

2.3.3 Logistic regression of the sun desirability (D) and wind desirability (D,,)

The desire of subjects to change or maintain the sun and wind conditions, Dg and Dy, are important
parts of thermal perception. Because Ds and Dy, are psychological factors which might be
influenced by individual physiological and psychological status, the probability of Dg and Dy,
versus UTCI was investigated to explore the relationship between desirability and thermal stress
of microclimate environments on people estimated by UTCI. The probability of subjects’ Ds and

Dy, values as a function of UTCI was obtained through a logistic regression analysis [43].

As introduced in Section 2.2.2, there are three options for Dg and D,,: Ds = 1, Dg = 2, and Dg =
3;and Dy, = 1, Dy, = 2, and Dy, = 3. First, the options Dg = 1 or D, = 1 are coded as 1, while
the other options are all coded as 0. For example, the options of desiring to decrease the wind or
sun conditions for subjects are coded as 1, while all the others (with no desire to decrease them)
are coded as 0. Then, the probability of D¢ = 1 or Dy, = 1 (Ppg—4 Or Pp,,—,) is determined for each
UTCI bin with a width of 1 °C, and is associated with the UTCI by a logistic regression, as
expressed in Eg. (4) and Eq. (7). Next, the options Dg¢ = 3 or Dy, = 3 are coded as 1, while the
other options are all coded as 0. Similarly, the probability of D¢ = 3 or Dy, = 3 (Pps=3 Or Pp,,—3)
against UTCI bins can be obtained through logistic regression, as expressed in Eg. (5) and Eq. (8).
As the sum of probabilities of Dg =i, (i = 1,2,3) or Dy, =i, (i = 1,2,3) must be 100%, the
probability of D¢ = 2 or Dy, = 2 (Pps—, OF Pp,,—,) Can be easily determined as expressed in Eq.

(6) and Eq. (9).

1

Ppoms = @)
1

ooy = (5)

1 1
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1 1
1+e—ZDw=1  1+e-ZDw=3 (9)

Ppy=2 =1~

where Pps—;(i=1,2,3) and Pp,,—;i=1,2,3) are the probabilities of Dy = 1, Dg = 2, and Dg = 3 and
Dy =1, Dy = 2,and Dy, = 3 against UTCI, and vary between 0 and 1; and Zp,,—; (;=1,3) and
Zpw=i (i=1,3) are functions of the UTCI, as shown in Egs. (10) and (11).

Zps=i(i=1,3) = biUTCI + by (10)
Zpw=i (i=1,3) = GUTCI + ¢; (11)

where bi and c; are coefficients, and bip and cio are intercepts which can be obtained through a

regression analysis.

2.3.4 Derivation of the sun acceptability (As) and wind acceptability (Ay,)

Questionnaire results are grouped by Ds or Dw values. In each group with a Ds or Dy, value of 1,
2, or 3, the percentage of surveyed TCVs representing neutral (0), comfortable (1), and very
comfortable (2) conditions is determined. If this percentage is greater than 80%, the corresponding
microclimate environment is labeled as acceptable for a group with a certain Dg or Dy, value. The
effects of the sun or wind conditions in these microclimate environments on the subjects in this
group are also defined as acceptable, regardless of whether these subjects wanted to change or
maintain the sun or wind conditions, and the acceptability of the sun and wind conditions, denoted
as Agi i=1,2,3) and Ay ; i=1,2,3), respectively, are assigned a value of 1. For example, in a group
where the subjects all selected Dg = 2, if the percentage of TCVs of 0, 1, and 2 in this group is
greater than 80%, then A , is equal to 1. The conception of 80% in this study is illustrated by

thermal comfort studies of Fanger et al [44].

If the aforementioned percentage is lower than 80% for a group with a certain Dg or D, value, the
corresponding microclimate environments for subjects in this group are said to be unacceptable,
and the corresponding wind and sun conditions are recognized as factors contributing to these
unacceptable microclimate environments. Thus, Ag; (;=1,2,3) OF Aw i (i=1,2,3) IS assigned a value of
-1. In this way, the actual effects of sun or wind conditions on subjects voting for Dg =i, (i =
1,2,3) or Dy, =i, (i = 1,2,3) can be labeled with Ag; (;—1,2,3) OF Aw ; (i=1,2,3) Values of 1 or -1, as

expressed by the following equations:



1 (PTCV=0,1,2|DS =i, = 1,2,3)) > 80%
Ag; (i=1,23) = . s (12)
’ - _1 (PTCV=0,1,2|DS =1, (l = 1,2,3)) < 80%
1 (Prev=o2|Dw = i, (i = 1,2,3)) = 80%
Ay, (i=1,2,3) = .. (13)
’ " _1 (PTCV=0,1,2|DW =1, (l = 1,2,3)) < 80%

where Prcy=g 12 IS the percentage of surveyed TCVs that are neutral (0), comfortable (1), and very
Comfortable (2), and (PTCV=0,1,2|DS == l:, (l == 1,2,3)) or (PTCV=0,1,2|DW = i, (l = 1,2,3))
represents that Prcy =g 1 IS determined for each data set grouped by Ds and Dw values of 1, 2, or
3.

As introduced in Section 2.3.3, there is a probability distribution of Dg or Dy, versus UTCI. The
overall sun or wind acceptability (Ags or Ay, ) can then be determined against the UTCI using the
probability-weighted average value of Ag; ;=1,2,3)Or Ay i (i=1,2,3) for each UTCI, as given in Eq.

(14) and Eq. (15).

Ag = ZL'3=1(PDS=1' X As,i) (14)
Ay = 21'3=1(PDw=i X Aw,i) (15)

where Pp,_; and Pp,,—; are the probabilities of Dg and D,,,, respectively. The outputs of A and
Ay, are between -1 and 1, and indicate the degree of sun and wind acceptability perceived by
subjects, respectively, under thermal stress of microclimate environments estimated by the UTCI.
For UTCI values where Ag or Ay, are greater than 0, the effects of the corresponding wind or sun
conditions on subjects are acceptable. The higher the Ag or A, values are, the greater the degree
of acceptability. For UTCI values where Ag or Ay, are less than 0, the effects of the corresponding

sun or wind conditions are said to be unacceptable.

2.3.5 ANOVA analysis
ANOVA analysis (An analysis of variance) [45] _was conducted in this study to test the

differentiation of surveyed thermal sensations of subjects voting for different sun or wind

desirability under a specific UTCI range in a statistical way. The differentiation is verified by

statistical significance which is referred to as the P-value, the probability of obtaining a result of a

study at least as extreme, given that the null hypothesis was true. The P-value of lower than a set

significance level o (probability of the study rejecting the null hypothesis, given that it was true)




indicates that the result of ANOVA test rejects the null hypothesis and is statistically significant

[46]. The significance level is typically set to 5% in scientific researches [47]. Therefore, if P<0.05

is obtained from the ANOVA analysis in this study, the significantly different thermal sensations

of subjects voting for different sun and wind desirability would be confirmed.

3. Results and Discussion

3.1 Meteorological parameters

Figure 3 shows the meteorological parameters Tmrt (°C), Ta (°C), v (m/s), and RH (%) collected
during field tests conducted on 23 days between March and December 2016. During the 6 field
tests conducted on Oct. 13, Nov. 11, Dec. 1, Sep. 7, Sep. 26, and Sep. 27, 2016, meteorological
parameters were collected only at the OPEN or UEB site from either 13:00-14:00 or 15:00-16:00.
On the remaining measurement days, meteorological parameters were collected at UEB and OPEN
in turn during 13:00-14:00 or 15:00-16:00. Figure 3 shows the maximum, minimum, and mean
values of each meteorological parameter recorded during the field tests. Figure 3a shows that Ta
varies between 21.1°C and 36.2°C and Figure 3b shows Tmrt from 19.4°C to 59.4°C. The maximum
value of the short-wave irradiance and the corresponding direction for each measurement day are
listed in Table 3, indicating sunny or cloudy conditions on that day. A large difference between
the minimum and maximum values of Tmr is observed for measurement days on which the
irradiance was collected at the UEB and OPEN sites in turn. This is due to different irradiance
recorded at the UEB sites with shading and the OPEN site exposed directly to the sun for the same
sunny/cloudy conditions. Figure 3c shows the wind speed recorded during the field test periods.
Large deviations in the wind speed from 0.5 m/s to 3.5 m/s are observed for the measurement days,
and the mean wind speed is within the range of 1.0-2.0 m/s. Figure 3d shows the variation in the
relative humidity. Similar to Ta in Figure. 3a, small deviations in RH are observed on measurement
days. Except for on Sep. 27 and Dec. 6, 2016, the RH was greater than 50%, demonstrating the
humid climate of Hong Kong. Because field tests were conducted at different sites over different
seasons, the parameters collected in the various microclimate environments are helpful for a

comprehensive understanding of the microclimate environments.

Table. 3 Maximum values of the short-wave irradiance, the observed direction, and corresponding

sunny/cloudy conditions



Sunny/cloudy

Date Direction Short-wave irradiance (W/m?) o
condition

6/28/2016 Up 217.5 Partly cloudy
7/15/2016 Up 222.6 Partly cloudy
7/17/2016 Up 30.5 Cloudy
8/01/2016 Up 63.6 Cloudy
8/08/2016 Up 620.9 Clear and Sunny
8/22/2016 Up 890.9 Clear and Sunny
8/23/2016 Up 352.6 Partly cloudy
8/24/2016 Up 742.5 Clear and Sunny
9/14/2016 Up 720.4 Clear and Sunny
10/14/2016 Up 402.9 Partly cloudy
10/28/2016 Up 295.6 Partly cloudy
11/21/2016 Up 18.6 Cloudy
11/30/2016 Up 16.1 Cloudy
12/05/2016 Up 283.6 Partly cloudy
12/06/2016 Up 24.5 Cloudy
12/12/2016 Up 335.1 Partly cloudy
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Fig. 3. Maximum, minimum, and mean values of the meteorological parameters measured during

field test periods: a) air temperature, b) mean radiant temperature, ¢) wind speed, and d) relative
humidity

3.2 Relationship among the thermal sensation vote, sun or wind desirability (D or D,,), and
UTCI

A preliminary assessment of the outdoor thermal comfort at selected sites determined by the UTCI
is shown in Figure. 4, which displays the correlation between the UTCI and the mean surveyed
thermal sensation vote (MTSV) obtained for each UTCI value using a linear regression analysis.
The relationship between the UTCI and the surveyed MTSV can be expressed by Eq. (16).
However, the obvious deviation in the surveyed TSV for each UTCI value is shown with the error
bars for each surveyed MTSV in Figure. 4, and the goodness of fit indicated by R? value for the
regression line is not very high. It is not convincing to describe the surveyed TSV responding to
the UTCI using the direct regression line alone. The data set in Figure. 4 was then divided into six
sets according to the sun desirability of D¢ = 1 _(less sun desired), Ds = 2_(no change in sun

desired), and Ds = 3_(more sun desired), and the wind desirability of D, = 1(less wind desired),




Dy, = 2_(no change in wind desired), and Dy, = 3 (more wind desired), and the linear regression

analysis between the surveyed MTSV and UTCI for each data set was carried out. The results were

shown in Figures 4 and 5, and it is interesting to note that the surveyed MTSV at a given UTCI is

affected by the sun and wind desirability of the subjects. By-dividing-the-tinearregressionresults

= MTSV
-3 — = Line model for MTSV
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Fig. 4. Correlation between the surveyed TSV and the UTCI at all sites
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Fig. 5. Surveyed MTSV vs. UTCI, grouped by a) sun desirability, b) wind desirability

Figure 5 shows the correlation between the surveyed MTSV for each UTCI bin and the UTCI bins

are grouped by the sun desirability and the wind desirability, respectively. From Figure. 5a, three



different regression lines with R? of greater 0.7 are obtained, and describe the correlation between
the UTCI and the surveyed MTSV for subjects voting for D¢ =1 Dg = 2, and Ds = 3, as
expressed in Eqgs. (17)-(19), respectively. According to these regression lines, although the
surveyed MTSV increases with increasing UTCI, the MTSV of subjects voting for Dg = 1 is
higher than that of subjects voting for Dg = 2 and Dg = 3 at the same UTCI value. It is noted that
the spacing between the lines, indicating a difference in the surveyed MTSV among subjects voting
for Dg = 1,Ds = 2, and Dg = 3, increases with increasing UTCI. Subjects desiring less sun are
more sensitive to the UTCI than subjects desiring others. After an ANOVA test which was briefly
introduced in section 2.3.5 for the UTCI range of 16.5-38.5°C in which D¢ = 1, D¢ = 2, and Ds =

3 were all observed, differences were apparent in the surveyed MTSV among subjects voting for
Ds =1 Dg = 2, and Dg = 3, and was verified by P = -<-0.05 (lower than 0.05).

The result is that subjects with different sun desirabilities are found in the same UTCI bin, leading
to significantly different thermal sensations responding to this UTCI bin. The significance of the
negative correlation between thermal sensation and sun desirability was tested with a Pearson
correlation value of -0.544 with P<0.05. Various sun desirabilities in the same UTCI bin is perhaps
caused by the psychological status of the subjects. For example, in sunny conditions, subjects who
enjoy the sunshine in their daily life may desire more sun or no change in the sun and feel less hot
than subjects who dislike sun exposure in their daily life and desire less sun. Another possible
reason is the physiological status of the subjects. Various sun intensities may be estimated to have
the same thermal stress on subjects by the UTCI value, but the body of subjects may be more
sensitivity to effects of these various sun intensities, leading to different thermal stress felt by
subjects than that represented by UTCI. Therefore, different sun desirability was appeared

responding to different thermal stress. These assumptions should be verified by further studies.

MTSV = 0.1332UTCI —3.6039  (16.5°C < UTCI < 48.5°C, R? = 0.660) (16)
MTSVps_, = 0.1532UTCI — 3.7864 (16.5°C < UTCI < 48.5°C, R? = 0.814) (17)
MTSVps_, = 0.1308UTCI — 3.4646 (16.5°C < UTCI < 48.5°C, R? = 0.826) (18)
MTSVps_s = 0.1070UTCI — 3.2268 (16.5°C < UTCI < 38.5°C, R? = 0.730) (19)

Similarly, three different regression lines are obtained from Figure. 5b, and describe the correlation

between the UTCI and surveyed MTSV for subjects voting for Dy, = 1, Dy, = 2, and Dy, = 3,



which are expressed by Eqgs. (20)—(22), respectively. R? values of greater than 0.7 indicate a good
correlation between the surveyed MTSV and UTCI for each group. The regression lines illustrate
that subjects desiring more wind feel hotter than subjects desiring no change in wind or less wind.
Compared to Figure. 5a, the spacing between the lines which indicates the difference in the
surveyed MTSV among subjects voting for Dy, = 1, Dy, = 2, and Dy, = 3 is clearly larger than
those among subjects voting for Dg = 1, D¢ = 2, and Ds = 3, and also increases with increasing
UTCI. Subjects desiring more wind are more sensitive to the UTCI than subjects desiring others.
The result is that thermal sensations of subjects responding to microclimate environments depend
more on the wind desirability of subjects than the sun desirability. An ANOVA test indicating
significant differences (P=0.001, lower than 0.05) AR—ANOVA—test-indicating—significant
differences{P<0.01)-in the surveyed MTSV among subjects with different wind desirability was
carried out for a UTCI range of 16.5-34.5°C where options of Dy, = 1, Dy, = 2and Dy, = 3 were

all observed, and a UTCI range of 35.5-48.5°C, where the options Dy, = 2 and Dy, = 3 were

observed.

It is also interesting to note that various wind desirabilities were found in the same UTCI bin,
leading to deviations in the thermal sensations within that UTCI bin. The significance of the
positive correlation between thermal sensation and wind desirability was tested with a Pearson
correlation value of 0.610 with P<0.05. Similarly, there are two explanations for this phenomenon.
One is the subjects’ psychological attitude toward wind conditions. For example, under the same
wind speed, subjects who prefer calm wind in daily life may desire less wind and feel cooler than
subjects preferring strong wind who may desire more wind or no change in the wind. The other
explanation may be the physiological status of subjects. There may be various wind speeds
estimated as causing the same thermal stress to the subjects by the UTCI value, but the subjects
are more sensitive to effects of these wind speeds on their body.

MTSVp,,—, = 0.0944UTCI —3.2556 (16.5°C < UTCI < 34.5°C, R? = 0.701) (20)
MTSVp,,—, = 0.1168UTCI — 3.1360 (16.5°C < UTCI < 48.5°C, R? = 0.757) (21)
MTSVp,,—3 = 0.1365UTCI — 3.1615 (16.5°C < UTCI < 48.5°C, R? = 0.804) (22)

Further, the acceptable UTCI range was determined through the intersections of the regression line,
the slightly cool (-1) line, and the slightly warm (1) line. Acceptable UTCI ranges of 18.5-31.5°C
for subjects with Dg = 1, 19.5-33.5°C for subjects with D = 2, and 20.5-38.5°C for subjects with



Ds = 3 were obtained. Similarly, acceptable UTCI ranges of 16.5-30.5°C for subjects with D, =
1, 18.5-35.0°C for subjects with Dy, = 2, and 23.5-34.5°C for subjects with D,, = 3 were
obtained. This confirms that subjects voting for D¢ = 1 or Dy, = 3 can only tolerate narrower
UTCI ranges. In conclusion, irrespective of psychological factors or the stronger sensitivity of
subjects to sun and wind conditions, the thermal sensation experienced by subjects at a given UTCI
depends on their desirability of sun and wind conditions. Therefore, the sun and wind desirability
versus UTCI needs to be investigated further.

3.3 Logistic regression analysis of the sun desirability (Ds) and wind desirability (D,,)
In the previous section, the importance of sun and wind desirability were emphasized, and this
section will further discuss the subjects’ desirability for sun and wind conditions in relation to the
UTCI. After conducting the logistic regression analysis as introduced in Section 2.3.3, the
probabilities of Dg =i, (i = 1,3) and Dy, =i, (i = 1,3) (Pps=i(i=1,3)aNd Ppyw=i@i=1,3)) VErsus
UTCI are expressed as in Egs. (23)-(26). Figure 6a shows the logistic regression analysis between
Pps—ici=1,3y and UTCI, while Figure. 6b shows the logistic regression analysis between
Ppw=ii=1,3) and UTCI. The suitability of the logistic regression models for describing the
probability of Dg = i, (i = 1,3) and Dy, = i, (i = 1,3) versus UTCI was evaluated by R? and root
mean square error (RMSE) which indicates the error between fitted data by regression model and

observed data, and the results are listed in Table 4.

1

PDs=1 = 14¢—(0.28:UTCI-9.88) (23)
P = 1 24
Ds=3 ™ 14¢-(2.99-0.16-UTCI) ( )
- 1 25
Dw=1 — 14¢—(5.18-0.28-UTCI) ( )
P .= 1 26
Dw=3 ™ 1, ,-(0.25-UTCI-8.28) ( )

Table. 4 Values of R? and RMSE for fitness evaluation of the logistic models

Logistic model R? RMSE
Logistic model for Pp,_4 0.97 0.053
Logistic model for Pps—5 0.94 0.041




Logistic model for Pp,,—4 0.95 0.040
Logistic model for Pp,,—3 0.97 0.060

Because the sum of probabilities of Dg = i, (i = 1,2,3) and Dy, =i, (i = 1,2,3) at each UTCI bin
must equal 100%, the probabilities for D¢ = 2 and Dy, = 2 can be easily determined by the

following equations:

1 1
PDS=2 =1- (1+e—(0.28-UTCI—9.88) + 1+e—(2.99—0.16-UTCI)) (27)

1 1 (28)

Ppy=2 =1- (1+e—(5.18—0.28-UTCI) + 1+e—(0.25-UTCI—8.28))

The R? values for the models of Pps—, and Pp,,—, are both 0.94, and the RMSE values for the two
models are 0.056 and 0.059, respectively. Indicated by high values of R? and low values of RMSE,
logistic regression models are very suitable for describing the probability of Ds =i, (i = 1,2,3)
and Dy, =i, (i = 1,2,3) versus UTCI.
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Fig. 6. Logistic regression analyses between the probability of Dg =i, (i = 1,3) or Dy, =i, (i =
1,3) and UTCI: a) probability of Dg = i, (i = 1,3) versus UTCI; b) probability of Dy, =i, (i =
1,3) versus UTCI

Figure 6a shows that Pps—, increases with increasing UTCI, while Py,_; decreases with
increasing UTCI. More than 80% of subjects desire less sun when the UTCI reaches 40.0°C, while
more than 50% of subjects desire more sun when the UTCI is less than 17.5°C. The intersection
point of 29.0°C in Figure. 6a indicates the point at which the sum of P,,_,and Pp¢_5 has reached
its minimum value of 30%. In other words, the maximum value of Pp,_, of 70% is observed at
this UTCI. Figure 6b shows that Py, _5 increases with increasing UTCI, while Pp,,_, decreases
with increasing UTCI. Similarly, at UTCI of greater than 40.0°C, more than 80% of subjects desire
more wind, while at UTCI of less than 17.5°C, more than 50% desire less wind. Combining the
results observed in Figure. 6a, it can be concluded that more than 80% of subjects desire a change
in the wind and sun conditions at UTCI of greater than 40.0°C, while more than 50% of subjects
desire changes in sun and wind conditions at UTCI of less than 17.5°C. However, the maximum

Pp.,—» 0f 78% is observed at the intersection point at 25.0°C in Figure 6b, which is lower than that

for the Pps—, 0f 70% in Figure. 6a. Due to higher value of the UTCI indicating stronger heat stress



estimated on subjects, it is interesting to note that microclimate environments where most of the
subjects desire to maintain the sun conditions have stronger heat stress on subjects than those

where most subjects desire to maintain the sun conditions.

3.4 Expected MTSV corresponding to UTCI

The correlation between the UTCI and surveyed MTSV of subjects voting for Dg = i, (i = 1,2,3)
and Dy, =i, (i = 1,2,3), and Pps—;(j=1,2,3) ad Ppy—i(i=1,2,3)Versus UTCI have been determined.
The probability-weighted average value of MTSVps—; (j=1,2,3) Of MTSVpy,—; (i=1,2,3) Obtained from
Egs. (17)-(22) was then determined for each UTCI value using Egs. (29) and (30) to develop an
expected MTSV (MTSVp, or MTSVp, ) at each UTCI. This expected MTSV represents the most
likely thermal sensation responding to UTCI after considering influences of Ds and Dw of subjects

on thermal sensations and their distributions versus UTCI.

3
MTSVp, = Z MTSVps_; X Ppse;
1=1
0.0224UTCI — 0.3218  0.2378 — 0.0238UTCI
= 1 + e—(0.28-UTC1—9.88) + 1 + e—(2.99—0.16-UTCI)

+0.1308UTCI — 3.4646  (29)

3
MTSVp,, = Z MTSVpy=i X Ppy=i
1=1

_ 0.0197UTCI — 0.0255 0.0224UTCI + 0.1196
T 1 + ¢-(025UTCI-828) | } o—(5.18-0.28-UTCI)

+0.1168UTCI — 3.1360  (30)

where MTSVp, and MTSVp, , are the expected MTSV as functions of UTCI, considering the probability of

subjects’ sun desirability and wind desirability, respectively, at varying UTCI.

Figure 7 shows the fitted MTSV versus UTCI obtained from Eqg. (16) and the expected MTSV
against UTCI obtained from Egs. (29) and (30). In Figure. 7, blacks plots are the fitted MTSV
versus UTCI, and the red and blue plots are MTSV,, and MTSVp, , versus UTCI, respectively. Because
the maximum value of MTSV is 3, the calculated expected MTSV of greater than 3 were altered
to 3. It can be seen that there is no difference between the expected MTSV and fitted MTSV until
UTCI reaches 30.0°C. As UTCI is higher than 30.0°C, the expected MTSV is higher than the fitted
MTSV. As discussed in section 3.3, this is perhaps due to the increased difference in thermal
sensations of subjects caused by different sun or wind desirabilities with increasing UTCI, which



lead to the probability-weighted average value of TSVs different from the MTSVs. Nevertheless,
the agreement of the expected MTSV with the surveyed MTSV at varying UTCI indicated by R?
of 0.72 is better than that of fitted MTSV with the surveyed MTSV indicated by R? of 0.66. These
results demonstrate that effects of microclimate environments on subjects estimated by UTCI most
likely to lead to the expected MTSV of subjects. Therefore, an acceptable UTCI range of 20.0-
32.5°C can be determined by excepted MTSV between -1 and 1.

e T
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Fig. 7. Fitted MTSV and expected MTSV (MTSVp,, and MTSV),,,) versus UTCI

3.5 Investigation of sun acceptability (Ag) and wind acceptability (Ay)

As introduced in section 2.3.4, Ag and Ay, are derived based on subjects’ sun and wind desirability
and overall thermal comfort votes, and suggest whether the effects of the present sun or wind
conditions can be accepted at each UTCI value. Questionnaire results were grouped by Dg =
i,(i=123)orDy =i (i =1,2,3). The percentage of surveyed TCV reported as neutral (0),

comfortable (1), and very comfortable (2) was calculated for each group to define acceptable and



unacceptable sun and wind conditions for subjects with certain Dg or D,, . The results are

summarized in Tables 5 and 6.

Table 5. Percentage of surveyed TCV for each group of Dg and the definition of acceptable or

unacceptable sun conditions for each group

Percentage of TCV

Sun acceptability

Ac; i
Sun desirability L (=123
Ds =i, (i =1,2,3) 2 0.1.2
Dg =2 13.10% 86.90% As, =1
Ds =3 17.80% 82.20% Asz3 =1

Table 6. Percentage of surveyed TCV for each group of Dy, and the definition of acceptable or

unacceptable wind conditions for each group

Wind acceptability

) o Percentage of TCV p
Wind desirability W,i (i=1,2,3)
Dy =1i,(i=1,23) 2.1 0.1.2
Dy, =2 7.00% 93.00% Ay, =1
Dy, =3 55.80% 44.20% Ayz=-1

In Table 5, the percentage of surveyed TCV of 0, 1, and 2 is less than 80% for

Ds = 1 group, indicating unacceptable effects of the sun condition on subjects desiring less sun;

the A, is equal to -1. The percentage of surveyed TCV of 0, 1, and 2 is greater than 80% for Dg =

2 and Dg = 3 groups, demonstrating the acceptable effects of the sun conditions on subjects



desiring more sun or no change of sun; As , and Ay 3 are both equal to 1. In Table 6, the percentage
of surveyed TCV of 0, 1, and 2 is greater than 80% only for D¢ = 2 group, indicating that effects
of the corresponding wind conditions are only acceptable on subjects voting for Dy, = 2; Ay, , is
assigned a value of 1. The percentage of surveyed TCV of 0, 1, and 2 are less than 50% for Dy, =
1 and Dy, = 3 group. Although around 40% of subjects selecting D, = 1 and Dy, = 3 reported
TCV of 0, 1, and 2, the effects of the wind conditions were considered unacceptable for these
subjects and need to be improved as they desire; Ay, ; and Ay, 3 are both equal to -1. Accordingly,
once subjects desire a change in the wind conditions, the effects of the wind conditions on them
are said to be unacceptable, suggesting that subjects are more strict to wind conditions than sun

conditions.

With Ag; (i=1,2,3), Aw,i(i=1,2,3)» Pps=i» and Pp,—; versus UTCI known, Ag and Ay, at varying
UTCI can be determined by the probability-weighted average value of Ag;(=123) Or

Aw i (i=1,2,3) Calculated for each UTCI using Egs. (31) and (32).

1

As = Agy - Pps=1 + A5z " Pps=2 + Ag3 " Pps=3 = 1 = 2 X ——sirersen) (31)
1
Aw = Aw,* Pow=1+ Awz " Ppw=2 + Aw;3 " Ppw=3 = 1 = 2 X (\=mozsuren T
1
1+e—(025UTCI-828) ) (32)

The distributions of Ag and Ay, versus UTCI are shown in Figure. 8. Values of Agand Ay, between
-1 and 1 at varying UTCI indicate the expected degree of acceptability of the sun and wind
conditions affecting on subjects under a thermal stress represented by UTCI. For UTCI values with
Ag or Ay, of greater than 0, the effects of the corresponding wind or sun conditions on subjects can
be accepted. The effects of the wind or sun conditions are unacceptable at UTCI where Ag or
Ay, are less than 0. The black curve in Figure. 8 shows the distribution of Ag versus UTCI. It can
be observed that Ag decreases with increasing UTCI, and effects of sun conditions become
unacceptable for UTCI over 35.0°C. This is due to the increasing probability of subjects voting for
Ds = 1 as UTCI increases. As Ppg—q is greater than 50% for a UTCI value, the effects of the
corresponding sun conditions at this UTCI are unacceptable. Because UTCI of less than 16.5°C
were not observed in this study, acceptable microclimate environments where effects of sun

conditions are acceptable for subjects are determined for the UTCI range of 16.5-35.0°C. The red



curve in Figure. 8 shows the distribution of A, versus UTCI. Unlike A, Ay, initially increases
and then decreases with increasing UTCI, and the maximum Ay, is observed at a UTCI of 26.0°C.
This is due to the increase in Pp,—, with increasing UTCI from 16.5°C to 26.0°C, and the decrease
in Pps—, with UTCI higher than 26.0°C. The acceptable UTCI range of 18.5-32.5°C where the
effects of wind conditions are acceptable is determined by the intersection between the red curve

and the 0 acceptability line.
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Fig. 8 Sun and wind acceptability versus UTCI

From Figure. 8, acceptable wind conditions existed in the UTCI range of 18.5-32.5°C while

acceptable sun conditions are observed under a larger UTCI range of 16.5-35.0°C. This means

that once the UTCI value falls between 32.5°C and 35.0°C in one outdoor place surveyed, it is

indicated that the corresponding wind conditions of this place are unacceptable even though the

corresponding sun conditions are still acceptable. aeeept&bMHﬂd—eeﬂdrmens&F&ebsewed—Hnde%

Additionally, Ag is greater than Ay, forany UTCI value. For the same UTCI value which indicates



the same thermal stress, effects of sun conditions are more acceptable by subjects than those of
wind conditions. The relative influences of sun and wind conditions on subjects at each UTCI can
then be realized by comparing As and Ay, . A significant difference between Ag and Ay, is
observed in the UTCI range of 16.5-26.0°C, suggesting more acceptable effects of sun conditions
felt by subjects. While Aw rapidly increases from -0.3 to 0.5 with increasing UTCI, Ag decreases
slightly from 1.0 to 0.8. Considering that the expected MTSV discussed in Section 3.4 increases
with increasing UTCI, it can be verified that effects of varying wind speeds reflected by Ay in this
UTCI range are predominant on thermal sensations of subjects. Therefore, wind conditions play
a dominant role on subjects for UTCI of less than 26.0°C, whereas the effects of sun conditions on

subjects are stable.

At UTCI of higher than 26.0°C, although Ag is greater than Ay, , the difference between Ag and
Ay, decreases with increasing UTCI, and the black curve representing Ag is sharper than the red
curve representing Ay, with varying UTCI. The result is that the degree of sun acceptability and
wind acceptability perceived by subjects are significantly different initially, and sun conditions are
much more acceptable than wind conditions. However, as the UTCI increases, this difference
becomes small, and the degree of acceptability of sun conditions rapidly decrease, suggesting that
subjects are more sensitive to effects of sun conditions with increasing UTCI. Therefore, sun
conditions play a dominant role on influencing thermal perceptions of subjects at UTCI of higher
than 26.0°C. A fast and effective method to improve outdoor thermal environments with a UTCI
value of larger than 26.0°C is to add shadings and weaken strong sun conditions. Nevertheless, the
effects of wind conditions on subjects are always less acceptable than those of sun conditions, and
wind conditions should be improved as subjects’ desire in any case. The results shown in Fig. 8
can provide intuitive suggestions for urban designers for optimizing wind or sun conditions to

improve thermal comfort at a given UTCI.

Except for suggestions for optimizing wind or sun conditions, acceptable UTCI ranges of 16.5—
35.0°C and 18.5-32.5°C determined by Ag and Ay, of higher than 0, respectively, are also helpful
for urban design. The acceptable UTCI range where wind conditions are acceptable is lower than
that where sun conditions are acceptable, which indicates less satisfaction of subjects with effects

of wind conditions than with sun conditions. Additionally, in the warm-biased conditions

corresponding to the UTCI range from 32.5°C and 35.0°C in Hong Kong, it seems that people felt




warm primarily because they felt that there was a lack of breeze rather than to blame the sun.

TFhereforeln general, to achieve acceptable outdoor thermal environments by urban designers,
acceptable UTCI range with acceptable sun conditions should be satisfied by urban interventions
at least.

As discussed in Section 3.4, another acceptable UTCI range of 20.0°C-32.5°C is determined by
expected MTSV values of between -1 and 1. It is interesting to note that a larger acceptable UTCI
range was determined using Ag and A, than the expected MTSV. As indicated by the correlation
between the UTCI and expected MTSV shown in Fig. 7, the expected MTSV corresponding to the
UTCI ranges determined with the Ag and Ay, is slightly outside the range of -1 to 1. These results
suggest that microclimate environments where subjects’ thermal sensations are slightly higher than
1 (slightly warm) or lower than -1 (slightly cool) can still be acceptable as a result of acceptable
sun or wind conditions of those microclimate environments. Therefore, an acceptable UTCI range
or microclimate environment can be determined by different principles. If there is a high
requirement of outdoor thermal comfort in a place, the acceptable UTCI range determined by
expected MTSV should be controlled. Otherwise, microclimate environments can be accepted by
subjects as long as the corresponding UTCI ranges are acceptable UTCI ranges with acceptable

sun or wind conditions which can be satisfied by urban interventions.

4. Conclusions

This study conducted an advanced assessment of outdoor thermal comfort through simultaneous
physical measurements and questionnaire surveys. The surveyed thermal sensations and sun and
wind desirability responding to the UTCI was discussed, and the influences of sun and wind
conditions on subjects at varying UTCI were intuitively revealed via the sun and wind acceptability

parameter in this study. The following conclusions can be drawn:

e The surveyed thermal sensation responding to the UTCI depends on the desirability of sun
and wind conditions (Ds and D,,) of subjects. Subjects desiring more sun or less wind felt
significantly cooler than subjects desiring less sun or more wind at the same UTCI value.
This is due to subjects’ psychological attitudes toward sun and wind conditions or the
stronger sensitivity of subjects to sun and wind conditions than that of the UTCI.
Additionally, differences in thermal sensations caused by wind desirability are larger than

those caused by sun desirability.



The probability of subjects’ Ds and D,, fit well with the UTCI in logistic regressions. The
expected MTSV versus UTCI determined considering the effects of Dg and D,,, on thermal
sensations and Py and Pp,,versus UTCI is better agreed with the surveyed MTSV than the
fitted MTSV obtained from the direct linear regression between the UTCI and surveyed
MTSV does. Effects of microclimate environments on subjects estimated by UTCI most
likely to lead to the expected MTSV.

The acceptability of sun and wind conditions for subjects (4 and Ay, , respectively) were
derived from Dg, D,,, and TCV, and intuitively reveal the influences of sun and wind
conditions on subjects with varying UTCI. Acceptable UTCI ranges of 16.5-35.0°C and
18.5-32.5°C are determined by acceptable sun conditions and wind conditions respectively.
For UTCI of lower than 26.0°C, wind conditions were dominant in influencing subjects’
thermal perception. The change of wind speed is effective to change thermal perceptions
under this condition. In contrast, the effects of sun conditions on subjects were dominant
at UTCI of greater than 26.0°C, and a fast and effective method to improve outdoor thermal
comfort is to change wind conditions. Nevertheless, the effects of wind conditions were
less satisfied by subjects than those of sun conditions and needed to be modified in any

case.

It should be cautioned that the conclusions given in this study may not be universally suitable for

different groups of people, as the study was done for young and middle-aged people in a particular

subtropical climate region. The results of this study can provide useful information for urban

designers to determine how to improve outdoor thermal comfort and suggest further outdoor

thermal comfort studies.
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