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Abstract: Exploring the combined effects of multisensory interactions in open spaces can help
improve the comfort of campus environments. Nine typical spaces on a university campus in Fuzhou
were selected for this study. Subjects perceived the environment and then completed an on-site
subjective questionnaire. At the same time, meteorological data (global radiation, air temperature,
globe temperature, wind speed, relative humidity, and illumination intensity) were measured to
determine the interactions between visual and acoustic and thermal perceptions. Differences in
the meteorological parameters between the measuring points were described using a one-way
ANOVA and Tukey’s post hoc test, and a chi-square test of independence was used to determine
significant associations between thermal, acoustic, and visual comfort, which in turn led to the
study of interactions between visual, acoustic, and thermal comfort using a two-way ANOVA. The
following conclusions were drawn: (1) the Thermal Comfort Vote (TCV) increased with the increasing
Acoustic Comfort Vote (ACV) at all levels of thermal stress. (2) The highest and lowest Acoustic
Sensation Vote (ASV) values for each sound type were derived from either “slightly cold” or “warm”
conditions. Both the Thermal Comfort Vote (TCV) and the Acoustic Comfort Vote (ACV) were
positively correlated. (3) When “neutral”, the Thermal Sensation Vote (TSV) increased with increasing
illumination intensity (LUX). (4) The Sunlight Sensation Vote (SSV) increased with the increasing
Universal Thermal Climate Index (UTCI) when illumination intensity (LUX) was moderate and
bright. (5) The highest and lowest Acoustic Sensation Vote (ASV) values for each sound type came
from either “slightly cold” or “warm” conditions.

Keywords: thermal comfort; acoustic comfort; visual comfort; interaction; campus space

1. Introduction

As the standard of living rises, people are demanding more and more from their urban
environments. Outdoor spaces are vital for residents’ living, communication, and organized
activities. Improving the comfort of outdoor environments can increase the frequency,
duration, and intensity of people’s activities in open spaces [1-3]. Thus, increasing time
spent outdoors improves health and reduces disease risk [4,5]. Outdoor open space is
subject to the interaction of many factors and its spatial quality depends on many factors
such as visual comfort, acoustic comfort, and thermal comfort. In addition, plants have
been found to influence space quality by improving air quality [6,7].

Thermal comfort is the most important environmental factor affecting residents’ par-
ticipation in outdoor activities [8,9] and is susceptible to interference from noise and visual
stimuli [10,11]. Especially in winter, attendance in open spaces drops dramatically [3].
As a result, the issue of improving the comfort of outdoor spaces in winter has received
increasing attention from scholars from all walks of life.
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The acoustic environment affects human thermal comfort in outdoor open spaces.
An early study concluded that noise causes a slight increase in thermal sensation [12,13].
Yin (2022) found that the acoustic environment had a more significant impact on people’s
thermal comfort at high and low temperatures than in moderate thermal environments by
conducting on-site measurements of the acoustic and microclimatic environments in open
spaces on a university campus, along with subjective questionnaires [14]. In addition, noise
is an essential factor affecting heat perception, with increased noise levels causing subjects
to feel more intense discomfort [11,15].

[umination intensity (LUX) showed an interaction with daylight preference voting in
terms of the Thermal Sensation Vote (TSV) and the Thermal Comfort Vote (TCV) [16].

Acoustic comfort is an essential component of overall comfort [17]. Temperature and
light affect soundscape assessments [18]. In outdoor thermal environments, there is a
significant negative correlation between the A-weighted Equivalent Sound Pressure Level
(LAeq) and the Physiological Equivalent Temperature (PET) when visitors feel warmer [19].
Guan et al. found that temperature affects acoustic comfort under noisy conditions and
that acoustic comfort is independent of temperature in a near-neutral thermal zone [20].
The visual landscape factor in older residential areas is vital for soundscape evaluation [21].
The positive correlation between the sky view factor (SVF) and acoustic comfort [22].

Visual comfort is an essential factor affecting the public [23]. On the one hand, land-
scape design elements such as plant composition and diversity, sidewalks, and water
features influence visual comfort [24]. On the other hand, it has been demonstrated that
physical parameters also affect visual comfort, such as illumination intensity [25], weather
clearness [25], planting density of trees [26], shade [27], and ground surfacing materials [28].

Environmental evaluation is a complex process involving multiple perception and
comfort factors. While providing valuable insights, studies of single perceptual factors do
not adequately account for the full range of individual evaluations of the environment.
Although the relationship between perception and comfort and specific environmental
factors has been extensively studied, most studies have focused on the interaction of a
few perceptual factors. In contrast, the combined effects of multiple perceptual factors
have been under-explored [29-32]. In particular, studies on the combined impact of mul-
tisensory factors such as visual, auditory, and thermal sensations have mainly focused
on indoor environments [16]. For example, studies on audiovisual stimuli have found
that the perception of visual quality influences the perception of auditory quality and vice
versa [33-37]. In acoustic-thermal perception studies, auditory perception increased with
thermal sensation and noise level [38], with subjects feeling more thermally unpleasant
when noise levels increased [39]. In visual-thermal studies, improvement in visual comfort
reduces thermal discomfort and vice versa; reducing thermal discomfort increases visual
comfort [40,41].

The outdoor space on campus is the principal activity place for students, and its
environmental comfort directly affects teaching effectiveness and student growth. Opti-
mized campus environments can significantly enhance student—teacher communication,
concentration, and stress reduction [42] and improve the learning environment [43]. Stu-
dents are the primary users of campus outdoor spaces, and enhancing the comfort of
campus spaces can directly affect their well-being [44]. Most studies on the perception
and comfort of campus outdoor space are two-factor interactions [14,45-48], and there is a
lack of exploration of the combined effects of multiple perceptions [49,50]. Therefore, it is
necessary to investigate the relationship between thermal comfort, acoustic comfort, and
visual comfort in campus spaces to improve students’ satisfaction with campus outdoor
spaces and promote healthy living.

In this study, nine typical spaces on the campus of a university in Fuzhou, which is
located in the hot-summer and warm-winter regions of China [51], were selected as the
research objects to explore the multisensory interactions of college students in the open
space of the campus in winter through the collection of subjective and objective data on
vision, sound, and heat. This study intends to reveal three research questions: (1) determine
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the effects of physical parameters such as thermal environment, sound type (STP), and
illumination intensity (LUX) on thermal, acoustic, and visual comfort in campus open
spaces; (2) explore the interactions between thermal, acoustic, and light sensations with
thermal, acoustic, and visual comfort in campus open spaces; and (3) provide theoretical
basis and technical guidance for campus open spaces to create a comfortable environment
integrating visual, acoustic, and thermal comfort.

2. Research Methodology
2.1. Study Area

This study was conducted on a university campus in Fuzhou, a typical city in China’s
hot-summer and warm-winter regions. Fuzhou has a subtropical monsoon climate with
abundant sunshine and rainfall. The average annual temperature in Fuzhou is 20 to 25 °C.
The campus is in Cangshan District, Fuzhou City (119°13'58.93" E, 26°05'25.17"" N). With a
green cover of 37.9%, the campus covers an area of approximately 160 hm? [52], which is
characterized by beautiful landscapes, rich spatial types, and diverse acoustic environments.
It provides favorable conditions for studying the coupling relationship between thermal,
acoustic, and visual comfort. According to previous studies, a 10-150 m radius affects the
air temperature in urban spaces [53]. Therefore, the spatial extent was based on a radius of
10 m. Nine typical outdoor spaces on the campus were selected according to the proportion
of different landscape elements and considering the sky visualization factor (SVF), sound
source type, and functional differences: Xichen Road (S1); the atrium of the Innovation
Building (S2); the square of Tianjiabing Building (S3); the green space under Chengzhi
Building (54); the lawn of Zhonghua Garden (S5); the woods of Zhonghua Garden (56),
Jingshan Road (S7), and Chunhui Bridge (S8); and Tuohuang Plaza (59). See Figure 1. These
nine spaces include famous spots on campus, close to administration buildings, teaching
buildings, and campus entrances, and they are necessary places for teachers and students
to study and live every day. The proportions of landscape elements in each space differ, and
the visual effect varies greatly. At the same time, the nine spaces cover plazas, woodlands,
water bodies, and buildings and can represent typical space types on campus.

Figure 1. Location of the test site and various open spaces.
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Sky visualization factors (SVFs), fish-eye photographs, and environmental descriptions
for each site are shown in Table 1.

Table 1. Environmental Characteristics of the Nine Open Spaces.

Space SVF Fisheye Photo Characteristics

The site is located under the campus
administration building and is the leading traffic
path for students to attend classes. The banyan
tree serves as a street tree and provides shade all
year round, creating a more enclosed space.

S1 0.240

The Innovation Building atrium is located under
the main academic buildings on campus,
connected by a footbridge to form a grey space
underneath. It is predominantly hard-paved,
with a green belt of shrubs planted around the
building. It is a staging plaza for students to go to
and from classes.

The site is located in front of the Tian Jia Bing
\ teaching building to the north and west, is
S3 0.453 surrounded by no greenery, and is dominated by
a large amount of hard paving, which, unlike S2,

Fy

S2 0.370

is not sheltered at the top of the site.

The site is located in the open space of the
Chengzhi building complex. Tall school buildings
block the east and west sides. There is a pavilion

in the green space, and the surrounding area is
planted with cherry blossoms, purple leaf plums,
large-flowered violets, other flowering trees,
rhododendrons, grey spaces, and other shrubs,
which have a good landscape effect.

5S4 0.396

The site is located on the open lawn of the
/ ™ campus Zhonghua Garden. It is surrounded by
no building shelter and is planted with trees such
\ as Sapindales, golden treasure trees, Camphor
trees, etc. It is a place for students to rest, play,
and communicate with each other.

S5 0.848

The site is located in the interior of the Zhonghua
Garden, surrounded by running water; evergreen
trees and deciduous trees are planted together,
and the ground is grass, which creates a good
landscape effect, and it is a place for students to
take a walk for leisure and study by memorizing
books.

The site is located on Jinshan Road, south of
Guanyin Lake, and is lined with plantings of
white orchids, which partially block the view of
the school building to the south. Permeable
pavers dominate the sidewalk and are the main
traffic path for the school.

S6 0.245

57 0.330

The site is located inside the Zhonghua Garden,
surrounded by running water. Evergreen and
deciduous trees are planted together to form a

good landscape effect. This is a place for students
to take a walk, relax, and study by memorizing
books.

The site is located in Topping Square, with the
main building, the Great Hall, to the west.
Unobstructed on three sides, with a
representative sculpture in the center of the
square, it is one of the school’s leading event
venues.

S8 0.526

S9 0.699
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2.2. Experimental Design

Referring to Xie’s study, the winter season in Fuzhou was divided into December—
February [54]. Referring to the related test time [55,56], we chose clear and cloudless
weather in this cycle as the test date, and the formal study was conducted on 7-8 December
2023. Before the start of the trial, the trial staff introduced the trial’s purpose, method,
and process in detail to each volunteer. Upon arriving at the trial site, volunteers were
required to carefully observe the surrounding landscape, listen to the sounds within the
site, and fully perceive the site environment, a process that lasted 10 min. Volunteers
were then given 5 min to complete the subjective questionnaire. During the filling process,
the experimenter remained silent to avoid disturbing the subjects while measuring the
meteorological data. Once the questionnaire was completed, the experimenter directed the
volunteer to another test site within 10 min. This process was repeated until the volunteer
completed the experience of the nine sites, thus ending the entire trial. Considering that
not all of the nine outdoor spaces provide seating or sitting platforms, and to exclude the
influence of other activities such as running, jogging, etc., on the results of the comfort poll,
the trial required subjects to remain standing throughout the process to ensure that the
metabolism of the different activities does not have an impact on the Thermal Sensation
Vote (TSV).

2.2.1. Sound Selection

There is no standardized classification of sound types in current research on sound-
scapes. Axelsson proposed a system of five classifications of sound sources (vehicular
traffic, fans, other noises, human voices, and natural sounds) as a norm for soundscape
assessment. Through field surveys and with reference to Axelsson’s sound categoriza-
tion [57], we classified the sounds in the measurement point space into six categories,
including wind and leaf sounds, birds and insects, running water, vehicle traffic, music or
radio, and human speech.

2.2.2. Experimental Data Collection

Reference was made to ASHRAE 55 (2017) and ISO 7726 (2002) for the selection of test
instruments and measurement of meteorological parameters [58,59]. The meteorological
stations in each test space were mounted on tripods at a vertical distance of 1.5 m from
the ground (Table 2). Meteorological data monitored included air temperature (Ta), rela-
tive humidity (RH), wind speed (Va), global radiation (G), globe temperature (Tg), and
illuminance intensity (LUX). Globe temperature, also known as the actual temperature,
is a composite temperature that represents the actual temperature felt by a person when
subjected to the combined effects of radiant and convective heat in a thermal environment
and is usually slightly higher than the actual air temperature. The recording interval for
all instruments was 1 min. Mean radiant temperature (Tmrt) was calculated using the air
temperature (Ta), globe temperature (Tg), and wind speed (Va) [59]. The average radiant
temperature is defined by assuming that the radiant heat transfer from the human body
in the box to the box surface is equivalent to the heat transfer from the box surface when
the actual temperature is not uniform. It is the primary input parameter for thermal index
calculation. The calculation formula is as follows:

1.10 x 108,06 *

Turt = | (Tg +273)" + == —(Ty = Ta) | —273 (1)

where ¢ is the black globe’s reflectivity (e = 0.95 in this study), and D is its diameter (=0.05 m
in this study).



Forests 2024, 15, 876

6 of 27

Table 2. Instrument information.

Instrument Parameters Range Precision
Air temperature; —40~+75 °C; 0. o
HOBO S-THC-M002 relative humidity 0%~100% +0.25 °C; +£2.5%
HOBO S-WCF-M003 Wind speed 0~76 m/s +1.1m/s
HOBO S-LIB-M003 Global radiation 0~1280 W/m? +10 W/m?
TA632A/B Mlumination intensity 0.1~200,000 LUX +(3% + 5 LUX)
JT2011 Globe temperature 0~120 °C +0.5°C

2.2.3. Subjective Questionnaires

Following ISO 10551 (2019) [60], the questionnaire was divided into two parts: the
first part investigated the volunteers’ personal information, including gender, age, height,
weight, and clothing. The second part examined the volunteers’ perception of the visual,
acoustic, and thermal environments in the experimental space, including Acoustic Sensation
Vote (ASV), Acoustic Comfort Vote (ACV), Thermal Sensation Vote (TSV), Thermal Comfort
Vote (TSV), Thermal Comfort Vote (TCV), Sunlight Sensation Vote (S5V), Visual Comfort
Vote (VCV).

Based on the ASHRAE definition, volunteers were assessed using a 7-point scale for
light perception (—3: very dark; —2: dark; —1: slightly dark; 0: moderate; +1: slightly
bright; +2: bright; +3: very bright), sound perception (—3: very quiet; —2: quiet; —1: slightly
quiet; 0: moderate; +1: slightly noisy; +2: noisy; +3: very noisy), and heat perception (—3:
very cold; —2: cold; —1: slightly cold; 0: moderate; +1: slightly hot; +3: very hot). The
Visual Comfort Vote, Acoustic Comfort Vote, and Thermal Comfort Vote were conducted
on a 5-point scale: —2, very uncomfortable; —1, uncomfortable; 0, moderate; 1, comfortable;
2, very comfortable. The questionnaire can be found in Appendix A.

2.3. Thermal and Visual Indices

The Universal Thermal Climate Index (UTCI) model is widely used as it is considered
to apply to all climatic, seasonal, temporal, and spatial scales [61,62]. Therefore, this study
used the Universal Thermal Climate Index (UTCI) as a thermal index and calculations were
made using the Rayman model to evaluate campus open spaces’ thermal comfort [63,64].

The meteorological parameters of the thermal environment were air temperature,
relative humidity, wind speed, mean radiant temperature, and the corresponding date and
time of completion of the subjective questionnaire, as well as personal variables of height,
weight, age, sex, thermal resistance of clothing, and active metabolic rate, which were
entered into the Rayman model to calculate the Universal Thermal Climate Index (UTCI).
Clothing thermal resistance is based on the ASHRAE and ISO 7730 (2005) standards for
clothing thermal resistance; after obtaining the value of the thermal resistance of each piece
of clothing in the questionnaire, each one was then cumulatively summed to obtain the
value of the clothing thermal resistance (Appendix B) [58,65]. Concerning the metabolic
rate corresponding to outdoor activities, all volunteers in this trial were standing, so the
metabolic rate was standardized at 70 W/m?.

The Mean Thermal Comfort Vote (MTSV) corresponding to each 1 °C Universal
Thermal Climate Index (UTCI) interval group was calculated and fitted using a linear
model based on the thermal environment parameters measured during the questionnaire
survey. Referring to international biometeorological standards [9,66], a linear regression
model was used to determine the corresponding temperature for a given TSV, dividing the
UTCI into three levels: UTCI < 16.54 °C (slightly cold, TSV < —0.5), 16.54 °C < UTCI <
21.97 °C (neutral, —0.5 < TSV < 0.5), and UTCI > 21.97 °C (warm, TSV > 0.5) [67].

INlumination intensity is used as an indicator of the outdoor visual environment.
[lumination represents the light captured on a curved surface, represented by lux units (one
lumen per square meter) [68]. To be consistent with the Universal Thermal Climate Index
(UTCI) classification, a linear regression model was fitted to the illumination intensity and
the weighted average of SSV per 1 klux. A linear regression model was used to determine
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the corresponding illumination intensity for a given SSV, classifying the illumination
intensity throughout the year into three classes: LUX < 9773.68 lux (neutral, S5V < 0.5),
9773.68 lux < LUX < 26538.14 lux (slightly bright, 0.5 < SSV < 1.5), and LUX > 26538.14 lux
(bright, SSV > 1.5) [49,69].

2.4. Statistical Analysis

The Universal Thermal Climate Index (UTCI) and questionnaire data were analyzed
and processed using Excel 2019 and IBM SPSS Statistics 26.0 software. Firstly, one-way
ANOVA and Tukey’s post hoc test were used to describe the differences in meteorological
parameters between measurement points. General descriptive statistics of the distribution
of Thermal Sensation Vote (TSV) and Thermal Comfort Vote (TCV) at different sound
types and light intensities were obtained by percentage stacked bar charts and box plots.
Secondly, the chi-square test of independence was used to determine whether there was a
significant association between thermal comfort indicators (TSV, TCV), acoustic comfort
indicators (ASV, ACV), and visual comfort indicators (SSV, VCV).

A two-way ANOVA was used to analyze the interaction between Universal Thermal
Climate Index (UTCI) rating; sound type; illuminance intensity (LUX) class; and acoustic,
thermal, and visual comfort. Moreover, the results are shown in a clustered bar chart.

3. Descriptive Analysis
3.1. Attributes of Volunteers

A total of 46 student volunteers were recruited as respondents for the trial. The
volunteers were 17-33 years old, with heights ranging from 1.47 m to 1.82 m and weights
ranging from 39 kg to 83 kg (Figure 2). All respondents had already adapted to the
local climate and could accurately perceive temperature changes and adjust their clothing
appropriately [70]. Each participant was informed of the procedure, requirements, and
precautions before the trial, and they had normal hearing and vision and could reasonably
assess their visual and acoustic surroundings. A total of 414 questionnaires were completed,
including 385 valid questionnaires.

45

40

35

30 7

25

juno)

20

.
|
|
|
|
|
|
|
|
|
|
|
|

15 '
|
|
|
|
|
|
i
|
|
|
|
|
|

L P i |
T o o0 N N, E E E E | o o |~
— — — N N [fe) <© r~ r~ 1 = 1 . .
< < V 4 /\ . . . . =3 [Te) =3 (=1
E E E — ?—‘ — — < i) = \/ 2[\ 2
ot V e % ANV o v A - <
= = Al (e} f=) [=]
Gender; Age Height Weight Clothing
insulation

Figure 2. Basic information about the volunteers.

3.2. Meteorological Parameters

A one-way ANOVA analyses of variance were performed on the meteorological
parameters for each space, as shown in Appendix C. The results indicated significant
differences (p < 0.01) in air temperature, relative humidity, wind speed, global radiation,
globe temperature, and illuminance intensity for the nine spaces, suggesting significant
differences in the micrometeorological conditions between the spaces. The significance of



Forests 2024, 15, 876

8 of 27

35,000

o
8
3
8
g

Illuminance intensity(lux)(LUX)

the differences between two by two for each space was determined by Tukey’s post hoc
test and is shown in Figure 3.
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Figure 3. A post hoc Tukey’s test for different pairs of measurement points for the meteorological
variables. (a) Global radiation (G)’s Tukey test results; (b) globe temperature (Tg)’s Tukey test results;
(c) illuminance intensity(lux)’s Tukey test results; (d) air temperature (T;)’s Tukey test results; (e) wind
speed (V,)’s Tukey test results; (f) relative humidity (RH)’s Tukey test results. Different lowercase
letters indicate significant differences among spaces (p < 0.05).

The mean air temperature and mean black sphere temperature were similar across
the spaces, with S3 having the highest mean air temperature (22.72 °C) and the lowest
mean wind speed (0.037 m/s); S9 had the lowest mean air temperature (14.9 °C). S5 had
the highest mean wind speed, mean solar radiation, and mean illumination intensity, with
0.46 m/s and 169.31 W/m? and 29665.58 lux, but it had the lowest mean humidity (35.16%).
S7 had the lowest mean solar radiation and mean illumination intensity of 28.4 W/m? and
2896.28 lux, respectively (Appendix D).

3.3. Thermal Sensation and Comfort of Volunteers

In the relationship between sound types (STPs) and the Thermal Sensation Vote (TSV),
and the Thermal Comfort Vote (TCV), the running water sound differs from the other five
sounds regarding overall distribution. The running water sound has a higher average
percentage of “TSV = —2”, “TSV = 2”7, and “TSV = 0" (25.00%, 27.50%, and 22.50%). This
suggests that, compared to other sound types, people are less sensitive to heat in the running
water environment. Apart from the sound of running water, the highest percentage of
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“TSV = —2” was found for the sound of wind and leaves and “TSV = —2” for the sound of
birds singing and insects chanting (15.79% and 16.95%). The highest percentage (9.32%)
was found for the sound of wind and leaves “TSV = 3”. The highest rate of “TSV = 0" was
found in the radio or music sound (66.63%). This indicates that people are more sensitive
to heat sensation in the wind and leaves’ sound environment, feeling a warmer TSV in the
sound of birds and insects, and prefer a moderate Thermal Sensation Vote (TSV) in the
sound of radio or music (Figure 4a).

100% r | 100%
TSV — TCV
o3 — g-2
B80% o2 B80% [(mE]
01 o
mo 1
60% o1 60% 02
; B g
[= O3 [
40% 40%
20% 20%
0% ) : ) . : 0%
wehicle human  birds wrind music  running wehicle lhuman  birds wind  music  runming
traffic speech  and and orradic  woater traffic  speech and and orradic  water
inseets  leawes insects  leawves
sound sound somnd  sound
STFP STP
(a) (b)

Figure 4. Distribution of Thermal Sensation Vote (TSV) (a) and Thermal Comfort Vote (TCV)
(b) under different sound types (STPs).

The percentage of votes that were comfortable with the thermal environment (TCV = 2)
were, in descending order, the sound of running water (50.00%), the sound of wind and
leaves (45.76%), the sound of birds and insects (31.95%), the sound of radio or music
(28.13%), the sound of vehicular traffic (23.81%), and the sound of people speaking (19.92%),
and the votes that were uncomfortable with the thermal environment “The votes for
TCV = —2” were, in descending order, radio or music sounds (6.25%), running water
sounds (2.50%), vehicle traffic sounds (1.36%), human speech sounds (1.13%), the wind
and leaves” sound (0.85%), and the birds” and insects’ sound (0.38%). The sounds of human
speech, radio, or music, and vehicular traffic were more likely to be uncomfortable than
other sounds (Figure 4b).

In the relationship between the illuminance intensity (LUX) class and the Thermal
Sensation Vote (TSV), as well as the Thermal Comfort Vote (TCV), the percentage regarded
as very hot (TSV = 3) in the Thermal Sensation Vote is “bright” (20.18%), “slightly bright”
(5.63%), and “neutral” (4.20%), in descending order. The percentage regarded as cold
(TSV = —2) is, in descending order, “neutral” (16.18%), “slightly bright” (13.73%), “bright”
(5.50%), “neutral” (20.18%), “bright” (5.63%), and “neutral” (4.20%). This indicates that as
the level of brightness increases, the percentage of thermal sensation increases. (Figure 5a).

The highest percentage (40.00%) of people were comfortable in the heat (TCV = 2)
in the “bright” class. Very uncomfortable and uncomfortable (TCV = —2 and TCV = —1)
scales were highest in the “slightly bright” class compared to other light environments,
with 1.06% and 10.21%, respectively (Figure 5b).
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Figure 5. Distribution of Thermal Sensation Vote (TSV) (a) and Thermal Comfort Vote (TCV) (b) at
different illuminance intensity (LUX) classes.

3.4. Universal Thermal Climate Index (UTCI)

The five sounds’ median Universal Thermal Climate Index (UTCI) varied considerably.
Among them are the sound of radio or music (26.6 °C), human speech (24.4 °C), birds and
insects (24.15 °C), wind and leaves (23.7 °C), vehicle traffic (21.6 °C), and running water
(20.3 °C). The Universal Thermal Climate Index (UTCI) of radio, music, and running water
is most concentrated (Figure 6a).

300
833
O32 -
250
o
-
—
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Figure 6. Universal Thermal Climate Index (UTCI) (a) and illuminance intensity (LUX) (b) under
different sound types (STPs).

The median Universal Thermal Climate Index (UTCI) values did not differ significantly
between the three illumination intensity classes, with the maximum median Universal
Thermal Climate Index (UTCI) value being “bright” (26.4 °C) and the minimum value
being “neutral”. The “bright” environments had the most concentrated Universal Thermal
Climate Index (UTCI) distribution (Figure 6b).

3.5. Correlation of Thermal, Acoustic, and Visual Comfort Indicators

The correlations between thermal (TSV and TCV), acoustic (ASV and ACV), and visual
(SSV and VCV) indicators were verified using chi-square tests (Table 3). The relationships
between the Thermal Sensation Vote(TSV) and the Acoustic Sensation Vote(ASV), the
Thermal Sensation Vote(TSV) and the Acoustic Comfort Vote(ACV), the Thermal Sensation
Vote(TSV) and the Sunlight Sensation Vote(SSV), the Thermal Sensation Vote(TSV) and the
Visual Comfort Vote(VCV), the Thermal Comfort Vote(TCV) and the Acoustic Sensation
Vote(ASV), the Thermal Comfort Vote(TCV) and the Acoustic Comfort Vote(ACV), the
Thermal Comfort Vote(TCV) and the Sunlight Sensation Vote(SSV), the Thermal Comfort
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Vote(TCV) and the Visual Comfort Vote(VCYV), the Acoustic Sensation Vote(ASV) and the
Visual Comfort Vote(VCV), and the Acoustic Comfort Vote(ACV) and the Visual Comfort
Vote(VCV) were all significant.

Table 3. Tests of chi-square independence for thermal, acoustic, and visual indicators.

X2 df Sig.
Thermal Sensation Vote  Acoustic Sensation Vote 65.495 36 0.000 *
Acoustic Comfort Vote 70.275 24 0.000 *
Sunlight Sensation Vote 133.965 36 0.000 *
Visual Comfort Vote 52.598 24 0.000 *
Thermal Comfort Vote  Acoustic Sensation Vote 96.515 24 0.000 *
Acoustic Comfort Vote 305.340 16 0.000 *
Sunlight Sensation Vote 35.999 24 0.000 *
Visual Comfort Vote 256.918 16 0.000 *

Acoustic Sensation Vote  Sunlight Sensation Vote 44521 24 0.010
Visual Comfort Vote 47.523 16 0.000 *

Acoustic Comfort Vote ~ Sunlight Sensation Vote 27.059 24 0.233
Visual Comfort Vote 201.912 16 0.000 *

* significant at the 0.05 level.

4. Interaction between Acoustic and Thermal Comfort
4.1. Effects of the Acoustic Environment on Thermal Perception
4.1.1. Effect of Sound Type on Thermal Perception

A two-way ANOVA was used to determine sequentially whether the Thermal Sen-
sation Vote (TSV) and the Thermal Comfort Vote (TCV) differed based on the Universal
Thermal Climate Index (UTCI) level and sound type.

The effect of the Universal Thermal Climate Index (UTCI) on the Thermal Sensation
Vote (TSV) and the Thermal Comfort Vote (TCV) reached a significant level. The impact of
sound type (STP) on both the Thermal Sensation Vote (TSV) and the Thermal Comfort Vote
(TCV) was not important. The interaction of the Universal Thermal Climate Index (UTCI)
and sound type was not substantial for the Thermal Sensation Vote (TSV) and the Thermal
Comfort Vote (TCV) (Appendix E).

The Thermal Sensation Vote (TSV) increases for each sound type with the increasing
Universal Thermal Climate Index (UTCI). The effect of sound type on the Thermal Sensation
Vote (TSV) varied at different Universal Thermal Climate Index (UTCI) classes. At the
“slightly cold” level, the wind and leaves’ sound was the warmest (0.14), while the rest
were colder. This suggests that the sound of wind and leaves can alleviate the feeling of
coldness in cold environments. At the “warm” level, the sound of running water made
people feel colder (—1.00), and the rest of the sound types made people feel warmer, with
the highest Thermal Sensation Vote for the sound of vehicle traffic (1.07). This indicates
that in hotter environments, vehicle traffic sounds intensify the feeling of heat, and running
water sounds reduce the feeling of heat. (Figure 7a).

For each sound type, the Thermal Comfort Vote was comfortable at each Universal
Thermal Climate Index (UTCI) level. The highest Thermal Comfort Vote was found for the
wind and leaves’ sound (1.35) in the “neutral” condition. The most comfortable Thermal
Comfort Vote was found for running water (1.33) in the “warm” condition, indicating
that the wind and leaves’ sound and running water significantly increased the subjective
Thermal Comfort Vote. This suggests that the wind and leaves’ sound and running water
sound can dramatically improve people’s subjective Thermal Comfort Vote (TCV). In the
moderate environment, the radio or music sound had the lowest Thermal Comfort Vote
(0.25), suggesting that people in a moderately hot climate with a radio or music sound had
a higher requirement for thermal comfort (Figure 7b).



Forests 2024, 15, 876

12 of 27

[

STP

[wehicle traffic 1
[Ohuman speech
birds and

insects sound

STP

[Jwehicle traffic
[ lnuman speech

| insects sound

TCV
=]

wind and
leaves sound -1

music or radio
running water -2

:lwi:nd and

leawes sound
lmusic or radio
u| running water

slightly cold

UTCI

neutral

slightly cold neutral wWarm

AT

UTCl
(@) (b)

Figure 7. Relationship between Thermal Sensation Vote (TSV) and Universal Thermal Climate Index
(UTCI) (a), Thermal Comfort Vote (TCV) and Universal Thermal Climate Index (UTCI) (b) among
sound types (STPs).

4.1.2. Impact of Acoustic Comfort on Thermal Perception and Thermal Comfort

We used a two-way ANOVA to test sequentially whether the Thermal Sensation Vote
(TSV) and the Thermal Comfort Vote (TCV) differed by Universal Thermal Climate Index
(UTCI) class and the Acoustic Comfort Vote (ACV). ANOVA showed that the effects of
both the Universal Thermal Climate Index (UTCI) and the Acoustic Comfort Vote (ACV)
on the Thermal Sensation Vote (TSV) reaching a significant level, and the interaction of
the Universal Thermal Climate Index (UTCI) and the Acoustic Comfort Vote (ACV) on
the Thermal Sensation Vote (TSV) was substantial. The effect of the Universal Thermal
Climate Index (UTCI) on the Thermal Comfort Vote (TCV) was significant. The impact
of the Acoustic Comfort Vote (ACV) on the Thermal Comfort Vote (TCV) was substantial.
In contrast, the effect of the Universal Thermal Climate Index (UTCI) and the Acoustic
Comfort Vote (ACV) interaction had a significant impact on the Thermal Sensation Vote
(TSV) (Appendix E).

When the Acoustic Comfort Vote (ACV) was the same, the Thermal Comfort Vote
increased significantly with increasing Universal Thermal Climate Index (UTCI) levels.
When the Universal Thermal Climate Index (UTCI) levels are the same, the Acoustic
Comfort Vote (ACV) affects the Thermal Comfort Vote (TCV) differently. At “slightly
cold” and “neutral”, the Thermal Comfort Vote was lowest at ACV= —2 (-3, —0.40,
respectively), i.e., it is easier to feel cold when hearing uncomfortable sounds in slightly
cold environments. When it is “warm”, there is no significant effect of the Thermal Comfort
Vote (TCV) at a different Acoustic Comfort Vote (ACV), and all Thermal Comfort Votes
are positive except for the very uncomfortable acoustic environment (ACV = —2). This

ACV 2
D'Z 1
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slightly warm environment (Figure 8a).
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Figure 8. Relationship between Thermal Sensation Vote (TSV) and Universal Thermal Climate Index
(UTCI) (a), and Thermal Comfort Vote (TCV) and Universal Thermal Climate Index (UTCI) (b) among
Acoustic Comfort Vote (ACV) levels.
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When the Universal Thermal Climate Index (UTCI) is the same, thermal comfort
increases significantly with increasing acoustic comfort level. This indicates that people
in a comfortable ambient sound environment perceive the thermal environment as more
comfortable. There is no significant pattern between the Thermal Comfort Vote and the
Universal Thermal Climate Index (UTCI) when the Acoustic Comfort Vote (ACV) is the
same (Figure 8b).

4.2. Effects of Thermal Environment on Acoustic Perception
4.2.1. Effect of Universal Thermal Climate Index (UTCI) on Acoustic Perception and
Acoustic Comfort

To determine sequentially whether the Acoustic Sensation Vote (ASV) and Acoustic
Comfort Vote (ACV) differed by Universal Thermal Climate Index (UTCI) class and sound
type (STP), a two-way ANOVA was used. It showed a significant effect of the Universal
Thermal Climate Index (UTCI) on the impacts of the Acoustic Sensation Vote (ASV) and the
Acoustic Comfort Vote (ACV) and a non-significant effect of sound type on the Acoustic
Sensation Vote (ASV). The interaction of the Universal Thermal Climate Index (UTCI) and
sound type was significant for the Acoustic Sensation Vote (ASV). The effect of sound type
was substantial for the Acoustic Comfort Vote (ACV), and the interaction of the Universal
Thermal Climate Index (UTCI) and sound type was substantial for the Acoustic Comfort
Vote (ACV) (Appendix E).

Comparing the three classes of the Universal Thermal Climate Index (UTCI), the
highest Acoustic Sensation Vote (ASV) was found in slightly cold environments (all greater
than 0), indicating a high tolerance for sound in slightly cold environments. The lowest
Acoustic Sensation Vote (ASV) was found in warm environments (mean Acoustic Sensation
Vote (MASV) = —0.52), indicating that in warm environments, people have a low tolerance
for sound (Figure 9a).
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Figure 9. Relationship between mean Acoustic Sensation Vote (ASV) and sound types (STPs) (a), and
Acoustic Comfort Vote (ACV) and sound types (STPs) (b) among Universal Thermal Climate Index
(UTCI) classes.

The ambient sound environments generally gave a higher subjective Acoustic Com-
fort Vote (ACV), with the Acoustic Comfort Vote (ACV) in slightly cooler environments
being significantly lower than the other Universal Thermal Climate Index (UTCI) levels,
suggesting that more relaxed environments reduce people’s subjective acoustic comfort.
The highest Acoustic Comfort Vote (ACV) scores in each sound type were derived from
“neutral” or “warm” conditions. The highest Acoustic Comfort Vote (ACV) scores for
each sound type were from “neutral” to “warm” conditions, suggesting that the subjective
Acoustic Comfort Vote (ACV) of certain sounds can be altered by adjusting the thermal
environment. Comparing the Acoustic Comfort Vote (ACV) of the different sound types,
natural and artificial sounds had the highest Acoustic Comfort Vote (ACV) when “neu-
tral”, while traffic sounds had the highest Acoustic Comfort Vote (ACV) when “warm”
(Figure 9b).
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4.2.2. Effect of Thermal Comfort on Acoustic Sensation and Acoustic Comfort

A two-way ANOVA was used to determine sequentially whether the Acoustic Sen-
sation Vote (ASV) and the Acoustic Comfort Vote (ACV) differed based on the Universal
Thermal Climate Index (UTCI) class and sound type (STP). Analysis of variance (ANOVA)
showed that the effect of the Thermal Comfort Vote (TCV) on the Acoustic Sensation Vote
(ASV) reached a significant level, and the impact of sound type on the Acoustic Sensation
Vote (ASV) was not important. The interaction between the Thermal Comfort Vote (TCV)
and sound type was not substantial for the Acoustic Sensation Vote (ASV). At the same
time, the effect of the Thermal Comfort Vote (TCV) on the Acoustic Comfort Vote (ACV)
reached a significant level. The impact of sound type on the Acoustic Comfort Vote (ACV)
was substantial, and the interaction between the Thermal Comfort Vote (TCV) and sound
type was significant for the Acoustic Comfort Vote (ACV) (Appendix E).

For the sound of running water, the Acoustic Sensation Vote was lower (—0.85) for
being very comfortable with the thermal environment (TCV = 2) and higher (2.00) for
being very uncomfortable with the thermal environment (TCV = —2). The same pattern
is reflected in the sound of radio or music, birdsong and insects, and human speech.
People feel the sounds are louder in thermal discomfort and quieter in thermal comfort.
In the vehicle traffic sound, the Acoustic Sensation Vote was 0.93 for feeling acoustically
comfortable in the thermal environment (TCV = —1) and 0.43 for the thermal environment
being moderate (TCV = 0), indicating that people felt the sound was quieter in the thermal
discomfort state (Figure 10a).
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Figure 10. Relationship between mean Acoustic Sensation Vote (ASV) and sound type (STP) (a), and
Acoustic Comfort Vote (ACV) and sound type (STP) (b) among Thermal Comfort Vote (TCV) levels.

As the Thermal Comfort Vote increased, the overall Acoustic Comfort Vote (ACV)
increased accordingly for each sound type. In this case, the Acoustic Comfort Vote (ACV) for
all six sounds was >1 when the thermal environment was very comfortable (TCV = 2). This
indicates that people who are very comfortable with the outdoor thermal environment are
usually also comfortable with the sounds in the environment. When thermal comfort is low,
the sound comfort ratings for the sounds in the environment are also lower (Figure 10b).

5. Interaction between Visual and Thermal Comfort
5.1. Effects of Visual Environment on Thermal Perception
5.1.1. Effect of Illumination Intensity on Thermal Sensation and Thermal Comfort

ANOVA was used to determine whether the Thermal Sensation Vote (TSV) and the
Thermal Comfort Vote (TCV) were sensitive to variations in the illuminance intensity (LUX)
class and Universal Thermal Climate Index (UTCI) class. The effects of the Universal
Thermal Climate Index (UTCI) and illumination intensity on the Thermal Sensation Vote
(TSV) and the Thermal Comfort Vote (TCV) were significant. The illumination intensity
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and Universal Thermal Climate Index (UTCI) interaction was significant for the Thermal
Sensation Vote (TSV) and the Thermal Comfort Vote (TCV) (Appendix E).

The relationship between the Thermal Sensation Vote and the Universal Thermal
Climate Index (UTCI) at different illuminance intensity (LUX) classes is shown in Figure 11a,
with the lowest Thermal Sensation Vote (—0.58) at the “slightly cold” level and the highest
Thermal Sensation Vote (1.19) at the “warm” level, suggesting that the Universal Thermal
Climate Index (UTCI) can regulate thermal sensation. At the “warm” level, the brightest
illumination intensity achieved the lowest Thermal Sensation Vote (0.58), suggesting that
people are less sensitive to thermal environment in hotter environments when LUX is
“brighter”. When LUX was “neutral”, the Thermal Comfort Vote was —0.58, —0.48, and
0.63, respectively, in descending order, indicating that the Thermal Sensation Vote (TSV)
was positively correlated with the Universal Thermal Climate Index (UTCI) when the
illumination intensity was moderate.

(8]

LUX LUX
[ nentral ) O neutral
[ slightly bright O slightly bright
el ] o L [1 [l | [Bbees
L] B
-1
slightly cold newtral WA, - slightly cold neutral warm
UTCI UTCI
(a) (b)

Figure 11. Relationship between Thermal Sensation Vote (TSV) and Universal Thermal Climate Index
(UTCI) (a), and Thermal Comfort Vote (TCV) and Universal Thermal Climate Index (UTCI) (b) among
illuminance intensity (LUX) levels.

The relationship between the Thermal Comfort Vote (TCV) and the Universal Thermal
Climate Index (UTCI) at different illuminance intensity (LUX) classes is shown in Figure 11b.
The highest Thermal Comfort Vote (1.32) was achieved when the Universal Thermal Climate
Index (UTCI) was “neutral” at “neutral” illuminance intensity (LUX), suggesting that
people were more likely to achieve a higher Thermal Comfort Vote in moderate light and
moderate heat environments. The lowest Thermal Comfort Vote (0.55) was achieved when
the Universal Thermal Climate Index (UTCI) was “warm”, and the illuminance intensity
(LUX) was “slightly bright”, suggesting that brighter light conditions lead to higher thermal
comfort when people feel hotter.

5.1.2. Influence of Visual Comfort on Thermal Sensation and Thermal Comfort

A two-way ANOVA was used to determine sequentially whether the Thermal Sen-
sation Vote (TSV) and the Thermal Comfort Vote (TCV) differed based on the Universal
Thermal Climate Index (UTCI) class and the Visual Comfort Vote (VCV). It showed that
the effect of the Universal Thermal Climate Index (UTCI) reached a significant level for the
Thermal Sensation Vote (TSV) and the Visual Comfort Vote (VCV) for the Thermal Comfort
Vote (TCV). The interaction of the Universal Thermal Climate Index (UTCI) and the Visual
Comfort Vote (VCV) significantly affected the Thermal Sensation Vote (TSV). The effect of
the Universal Thermal Climate Index (UTCI) on the Thermal Comfort Vote (TCV) reached a
significant level, and the impact of the Visual Comfort Vote (VCV) on the Thermal Comfort
Vote (TCV) was substantial. The interaction of the Universal Thermal Climate Index (UTCI)
and the Visual Comfort Vote (VCV) significantly affected the Thermal Comfort Vote (TCV).
The interaction of the Universal Thermal Climate Index (UTCI) and the Visual Comfort
Vote (VCV) had a substantial effect on the Thermal Comfort Vote (TCV). The Universal
Thermal Climate Index (UTCI) and the Visual Comfort Vote (VCV) had a significant impact
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TSV

on the Thermal Comfort Vote (TCV). The Universal Thermal Climate Index (UTCI) and the
Visual Comfort Vote (VCV) had a considerable effect on the Thermal Comfort Vote (TCV).

The relationship between the Thermal Sensation Vote (TSV) and Universal Thermal
Climate Index (UTCI) class at a different Visual Comfort Vote (VCV) is shown in Figure 12a.
The Thermal Sensation Vote (TSV) increased with the increasing Universal Thermal Climate
Index (UTCI) at all Universal Thermal Climate Index (UTCI) levels, and the effect of the
Visual Comfort Vote (VCV) on the Thermal Sensation Vote (TSV) varied according to
the Universal Thermal Climate Index (UTCI) class. The Thermal Sensation Vote was
<0 at both “slightly cold” and “neutral” levels, indicating that people perceive colder
environments as colder, whether they are comfortable or uncomfortable. The lowest
Thermal Sensation Vote (—1.5) was obtained in the “warm” environment, indicating that
when acoustically uncomfortable, a lower Thermal Sensation Vote (TSV) is obtained even
in a hotter environment.
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Figure 12. Relationship between Thermal Sensation Vote (TSV) and Universal Thermal Climate Index
(UTCI) (a), and Thermal Comfort Vote (TCV) and Universal Thermal Climate Index (UTCI) (b) among
Visual Comfort Vote (VCV) levels.

Figure 12b shows the relationship between the Thermal Comfort Vote (TCV) and Uni-
versal Thermal Climate Index (UTCI) class at a different Visual Comfort Vote (VCV). For
each Universal Thermal Climate Index (UTCI) class, the Thermal Comfort Vote increased
with the increasing Visual Comfort Vote (VCV), suggesting that the Thermal Comfort Vote
can be improved by modulating the Visual Comfort Vote (VCV). The highest Thermal
Comfort Vote (TCV = 1.73) was achieved when the visual comfort environment was very
comfortable (VCV = 2), indicating that people are more likely to obtain a higher Thermal
Comfort Vote (TCV) in moderate environments with acoustic comfort. The lowest Thermal
Comfort Vote (—1) was achieved when the visual comfort environment was very uncom-
fortable (VCV = —2), indicating that people are more likely to feel thermal discomfort in
acoustically uncomfortable conditions.

5.2. Effect of Thermal Environment on Visual Perception
5.2.1. Effect of Universal Thermal Climate Index (UTCI) on Light Perception and
Visual Comfort
ANOVA showed that the effect of the Universal Thermal Climate Index (UTCI) reached
a significant level for the Sunlight Sensation Vote (S55V), and illumination intensity was
significant for the Sunlight Sensation Vote (SSV). The Universal Thermal Climate Index
(UTCI) interaction and illumination intensity significantly affected the Sunlight Sensation
Vote (SSV). The effect of the Universal Thermal Climate Index (UTCI) on the Visual Comfort
Vote (VCV) reached a significant level, and the impact of illumination intensity on the
Visual Comfort Vote (VCV) was substantial. The Universal Thermal Climate Index (UTCI)
interaction and illumination intensity significantly affected the Visual Comfort Vote (VCV).
Overall, the Sunlight Sensation Vote (SSV) increased with increasing illumination
intensity. At a LUX level of “neutral”, people perceived the Sunlight Sensation Vote (S5V)
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to be darkest at “slightly cold” (—0.18), and at a LUX class of “bright”, people perceived
the Sunlight Sensation Vote (SSV) to be brightest when “warm” (1.72). When the LUX level
was “bright”, people perceived the Sunlight Sensation Vote (S5V) as brightest when it was
“warm” (1.72). This suggests that LUX can significantly affect the Sunlight Sensation Vote
(SSV) and that the Universal Thermal Climate Index (UTCI) can regulate sunlight sensation
(Figure 13a).
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Figure 13. Relationship between Sunlight Sensation Vote (SSV) and illuminance intensity (LUX)
(a), and Visual Comfort Vote (VCV) and illuminance intensity (LUX) (b) among Universal Thermal
Climate Index (UTCI) classes.

Figure 13b shows the relationship between the Visual Comfort Vote (VCV) and illumi-
nance intensity (LUX) at different Universal Thermal Climate Index (UTCI) classes. When
illumination intensity is “neutral”, a moderate illumination intensity makes people feel the
most comfortable (1.37). When the thermal environment is “warm”, the Visual Comfort Vote
(VCV) increases with illumination intensity. This suggests that visual comfort can be improved
by adjusting the Universal Thermal Climate Index (UTCI) and illumination intensity.

5.2.2. Impact of Thermal Comfort on Light Perception and Visual Comfort

We used a two-way ANOVA to determine patterns in the Sunlight Sensation Vote (SSV)
and the Visual Comfort Vote (VCV) with the Thermal Comfort Vote (TCV) and illuminance
intensity (LUX) class. ANOVA showed a significant effect of the Thermal Comfort Vote
(TCV) the on Sunlight Sensation Vote (SSV) and a critical impact of illumination intensity on
the Sunlight Sensation Vote (S5V). The interaction of the Thermal Comfort Vote (TCV) and
illumination intensity considerably impacted the Sunlight Sensation Vote (SSV). The effect
of the Thermal Comfort Vote (TCV) on the Visual Comfort Vote (VCV) reached a significant
level of effect, and the impact of illumination intensity on the Visual Comfort Vote (VCV)
was not significant. The effect of the Thermal Comfort Vote (TCV) and illumination intensity
on the Visual Comfort Vote (VCV) reached a considerable level.

The relationship between the Sunlight Sensation Vote (SSV) and illuminance intensity
(LUX) at a different Thermal Comfort Vote (TCV) is shown in Figure 14a. In each Thermal
Sensation Vote (TSV) condition, the Sunlight Sensation Vote increased as the illuminance
class increased. When the heat was uncomfortable (TCV = —2), people with a “neutral”
illuminance class felt that the light was the dimmest (SSV = —1.00), and people with
an illumination intensity class of “brighter” and “bright” perceived a higher Sunlight
Sensation Vote (SSV = 1.00). People with the illumination intensity class of “brighter” and
“brighter” perceived a higher Sunlight Sensation Vote (SSV = 1.00, 3.00). This suggests that
illuminance intensity (LUX) can significantly affect the Sunlight Sensation Vote and that
people in heat-uncomfortable or heat-comfortable environments are more sensitive to the
Sunlight Sensation Vote when the illuminance intensity (LUX) class is “neutral”.
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Figure 14. Relationship between Sunlight Sensation Vote (S5V) and illuminance intensity (LUX) (a),
and Visual Comfort Vote (VCV) and illuminance intensity (LUX) (b) among Thermal Comfort Vote
(TCV) levels.

The relationship between Visual Comfort Vote (VCV) and illuminance intensity (LUX)
class at different Thermal Comfort Vote (TCV) is shown in Figure 14b. Visual Comfort Vote
(VCV) increased with increasing Thermal Comfort Vote (TCV) at all illumination intensity
classes. People who perceived the thermal environment to be the most comfortable (TCV
= 2) likewise perceived the visual environment to be the most comfortable (VCV =1.81,
1.68, and 1.79), and people who perceived the thermal environment to be the least comfort-
able (TCV = —2) likewise perceived the visual environment to be the same as those who
found the thermal environment the least comfortable (VCV = —0.67, —0.67, and —1.00),
suggesting that the Visual Comfort Vote (VCV) and the Thermal Comfort Vote (TCV) were
significantly positively correlated at each illumination intensity class and that increasing
people’s thermal comfort increased people’s visual comfort at the same time.

6. Discussion and Analysis
6.1. Influence of Acoustic—Thermal Environments

Sound type could not significantly influence subjective thermal sensation and could
dramatically influence thermal comfort (Appendix E). Differences in the Thermal Sensation
Vote (TSV) between voice types were insignificant, and voice type could significantly influ-
ence the Thermal Comfort Vote (TCV), a finding consistent with previous studies [20,45].
This may be because different sound types affect people’s acoustic comfort, and thus, their
thermal comfort, e.g., cheerful sounds (nature sounds or meaningful radio sounds) can
make people experience better thermal comfort [45]. In contrast, noise increases thermal dis-
comfort and improves cold discomfort, and musical sounds can moderate high-temperature
thermal discomfort but increase cold discomfort [71]. This is inconsistent with Brambilla’s
views [72]. Acoustic comfort can significantly affect subjective thermal sensation and
thermal comfort. In warm and slightly cold environments, the comfortable sound increased
people’s thermal sensation, and sound comfort significantly enhanced thermal comfort
(Figure 8). This is consistent with Geng’s findings [49]. Lin found that increasing acoustic
comfort partially reduced thermal comfort, especially at high physical activity levels [73].
Based on the above conclusions, appropriately increasing the playing time and frequency
of beautiful campus radio music may be considered in areas with high pedestrian flow in
the school, and in open squares and other places with little shade, adding vertical greening,
optimizing the structure of plant communities to provide habitats for insects and birds,
and improving thermal comfort by improving acoustic comfort may be considered as well.

The effect of the Universal Thermal Climate Index (UTCI) on subjective acoustic
sensation and acoustic comfort was significant (Appendix E). Previous studies showed
that the impact of the Universal Thermal Climate Index (UTCI) on subjective the Acoustic
Sensation Vote (ASV) was not substantial but one of the critical factors affecting acoustic
comfort vote [11,13,25]. Jin et al. concluded that low temperatures in winter and high
temperatures in summer exacerbated acoustic discomfort in subjects to some extent [74].
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However, in this experiment, the six sounds obtained a lower Acoustic Comfort Vote (ACV)
at “slightly cold”, and the music radio sound obtained the least comfortable Acoustic
Comfort Vote (ACV) at “warm”, which may be because the study by Jin et al. considered
only one sound traffic noise, and that the temperature difference between the cold area
and the Fuzhou area was significant. This may be because only one type of sound, traffic
noise, was considered in the study by Jin et al. Thermal comfort significantly influences
people’s acoustic sensation and acoustic comfort (Appendix E). For vehicular traffic and
birdsong, there was no significant pattern in the effect of increasing the Thermal Comfort
Vote (TCV) on the Acoustic Sensation Vote (Figure 10a). For the other four sounds, people
feel it is noisier when experiencing thermal discomfort and quieter when experiencing
thermal comfort. An increase in the Thermal Comfort Vote (TCV) increases their acoustic
comfort. Acoustic comfort increased with thermal comfort in all six sounds. One study
found that thermal comfort affected acoustic comfort to varying degrees with season [14].
A study in a hospital found that thermal comfort improved patients’ acoustic ratings [75].
This is broadly consistent with our findings. Deficiencies in the acoustic environment can
be enhanced by improving the thermal environment and regulating thermal comfort. For
example, fountains or misting systems can be installed under noisy school buildings and
near roads with high traffic noise. Water features can increase humidity and improve the
thermal environment. Plants can also improve the thermal environment by planting shrubs
that act as windbreaks, thus increasing the temperature and thermal sensation [34].

6.2. Influence of the Visual-Thermal Environment

INlumination intensity significantly affected thermal sensation and thermal comfort
(Appendix E). This is in line with the findings of Du [32]. Respondents who felt hot would
find the sun too strong [76]. In slightly cold and neutral environments, increasing illumina-
tion intensity increased people’s Thermal Comfort Vote (TCV), but in warm environments,
appropriately decreasing illumination intensity increased people’s Thermal Comfort Vote
(TCV) [49]. Other studies have suggested that winter light affects vision and thermal
sensation through radiant heat [22]. In the present experiment, the effects of the Universal
Thermal Climate Index (UTCI) level and illumination intensity on the Thermal Sensation
Vote (TSV) and the Thermal Comfort Vote (TCV) did not show a clear pattern (Figure 11),
which was due to the lack of a pattern for the Sunlight Sensation Vote (SSV) and the Visual
Comfort Vote (VCV) in the “slightly bright” and “bright” illumination intensity class and
the lack of a pattern for the Sunlight Sensation Vote (S5V) and the Visual Comfort Vote
(VCV) in the “slightly cold” or “neutral” conditions.

An increase in visual comfort significantly increased thermal comfort (Figure 12b).
Visual perception is an essential factor influencing the thermal comfort of residents in
sunny climates [28]. Thermal discomfort can be alleviated by light conditions that improve
visual comfort [38]. This contradicts Chinazzo et al., who suggest a negative correlation
between luminance and thermal comfort [77]. However, it may not be appropriate to use
illuminance alone as a measure of visual amenity, as the illuminance that determines visual
amenity may also be an essential radiative condition in thermal comfort calculations. In
addition, visual comfort is influenced by urban landscape design elements such as plant
composition and diversity, pavements, and water features [24].

The Universal Thermal Climate Index (UTCI) significantly influenced sunlight sen-
sation (Figure 13a). This is consistent with previous findings [31,78]. Yang et al.’s indoor
study on the interaction of illuminance and temperature concluded that people perceive
light as dimmer at 25 °C compared to at 20 °C and 30 °C, i.e., luminance tends to be
perceived as dimmer under thermo-neutral conditions [23]. A study in a hot and humid
subtropical climate indicated no significant difference between neutral respondents’ mean
Sunlight Sensation Vote (S5V) and slightly more relaxed to colder under partly cloudy and
sunny conditions [16]. The thermal and visual environment assessment also includes many
other aspects (e.g., sensation, preference, comfort, acceptability, and tolerance) [77,79,80].
The Universal Thermal Climate Index (UTCI) similarly affected the Visual Comfort Vote



Forests 2024, 15, 876

20 of 27

(VCV), with a moderate Universal Thermal Climate Index (UTCI) favoring increased visual
comfort when the outdoor light environment is moderate.

When outdoor illumination intensity is neutral, neither thermal comfort nor thermal
discomfort is conducive to enhancing people’s light sensation polling (Figure 14a). This is
because thermal perception affects illuminance perception emotionally [16]. We found that
thermal and visual comfort were positively correlated. (Figure 14b). Increasing thermal
comfort at each illumination intensity class is beneficial to improve visual comfort; when
illumination intensity is dim, people with a higher Thermal Comfort Vote (TCV) will pay
more attention to the light environment, and when illumination intensity is high outdoors,
neither thermal comfort nor thermal discomfort is beneficial in increasing the Sunlight
Sensation Vote (SSV) [49]. Kulve et al. concluded that as thermal comfort increases, human
visual comfort also increases. This is consistent with our findings [38].

Based on the visual-thermal interaction, the thermal environment can be improved in
hotter spaces by adding shade to avoid direct light and increase visual comfort. Tall trees
can also provide shade. Thermal comfort in outdoor spaces can be improved on winter
campuses by adding extracurricular, hands-on programs encouraging students to get out
in the sun.

6.3. Limitations and Future Work

In this study, the visual, acoustic, and thermal comfort of college students in a winter
outdoor space was investigated to discuss the effects of physical parameters such as
thermal environment, sound type, and illumination intensity on thermal, acoustic, and
visual comfort, as well as the coupling between thermal, acoustic, and visual comfort.
Nevertheless, the results of this study have some limitations and potential for improvement.

First, sound type and illumination intensity were selected as objective factors for
evaluating acoustic comfort and visual comfort in this pair. The results of the study showed
that the interaction between visual comfort and acoustic comfort was not significant. More
factors (e.g., different loudness of sound sources, visual greenness, aesthetic evaluation,
pleasantness, etc.) could be used to evaluate acoustic comfort and visual comfort in further
studies to further investigate the interaction between acoustic comfort and visual comfort.

Second, nine spaces within a campus were explored in this study, encompassing
most of the space types within the campus. This study divided the measurement points
according to different landscape elements with a radius of 10 m. More spaces with different
ranges and types can be considered in future studies. Meanwhile, outdoor space is an
important place for human activities, not only including campus space. Therefore, studying
more spaces with different ranges and types is necessary, such as empty pocket parks,
residential green spaces, and historical landscape areas. In addition, the differences in
comfort among people of different ages should be studied to make the sensory comfort
coupling relationship more explicit.

Finally, Fuzhou is a typical city in the hot-summer and warm-winter regions, with
warm and humid winters and hot and rainy summers. This study was conducted in
winter. Additional research on summer and transition seasons can be considered for
subsequent studies to refine the coupling between multi-sensory comfort in hot-summer
and warm-winter regions.

7. Conclusions

This study selected nine typical visual spaces on a university campus in Fuzhou
City to investigate experimenters’ subjective perceptions of thermal, acoustic, and visual
environments. On-site meteorological observations and volunteer questionnaires were
used to explore the combined effects of visual, acoustic, and thermal comfort in campus
open spaces. The following are the main findings of this study.

(1) The effect of acoustic comfort on thermal sensation was significant (p < 0.05).
Under “warm” and “slightly cold” conditions, the perceived environment was colder (-3,
—0.33) when the acoustic environment was very uncomfortable (ACV = —2), but when the
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acoustic environment was very comfortable (ACV = 2), the environment was considered
more neutral (0.00,1.11). Acoustic comfort had a significant effect on thermal comfort
(p < 0.05). The thermal comfort vote increased with increasing levels of acoustic comfort in
all Universal Thermal Climate Index (UTCI) classes.

(2) Thermal comfort had a significant effect on acoustic sensation (p < 0.05), with the
highest and lowest Acoustic Sensation Vote (ASV) scores in each sound type originating
from either “slightly cold” or “warm” conditions. There was a significant effect of acoustic
comfort on thermal comfort (p < 0.05). The Acoustic Comfort Vote (ACV) increases with
the Thermal Comfort Vote (TCV) in each sound type.

(3) The effect of illumination intensity on thermal sensation and thermal comfort was
significant (p < 0.05). When “neutral”, the Thermal Sensation Vote (TSV) increased with
increasing illumination intensity. The lowest Thermal Comfort Vote (0.55) was obtained
when “warm” and when illumination intensity was brighter.

(4) The effect of the Universal Thermal Climate Index (UTCI) on the Sunlight Sensation
Vote (SSV) was significant (p < 0.05). The Sunlight Sensation Vote increased with the
increasing Universal Thermal Climate Index (UTCI) when the illumination intensity class
was moderate and brighter. Thermal comfort had a substantial effect on sunlight sensation
(p < 0.05). With a “neutral” illumination intensity, people perceived it as dimmest (—1.00)
when the thermal comfort was very low (TCV = —2) and as more neutral (0.23) when
the thermal comfort was very high (TCV = 2). Thermal comfort significantly affected
visual comfort (p < 0.05). Those who perceived the thermal environment as the most
comfortable (TCV = 2) also perceived the visual environment as the most comfortable
(VCV =1.81, 1.68, 1.79).

This study contributes to the knowledge of perception and comfort and provides a way
of new thinking for understanding the relationship between people and the environment.
In addition, urban planners and designers can improve and optimize campus outdoor
spaces based on the influence patterns among comfort levels, such as enhancing sound
types, providing appropriate visual landscapes, and regulating thermal comfort to meet
the needs of students and faculty in the use of spaces, thus improving the overall comfort
of campus spaces.
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Appendix A

Table A1l. Questionnaire.

2 Perception and Evaluation of Campus Space Questionnaire (Winter)—Chuangxin Building

1. Gender * OMale OFemale

4. Native Place:
6. Education

2. Height: (CM) 3. Weight: (KG)
5. Age:

OSecondary /high school (including vocational high school and high technology) and below OCollege OBachelor’s degree OMaster’s degree
ODoctor’s degree

7. Please select all of your current clothing (multiple choice) * Tops:

OVest UT-shirt UThermal underwear

OLong-sleeved T-shirt OThin coat OOvercoat

OThick coat OSweater ODown jacket




Scarf 0.05
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Table Al. Cont.
2 Perception and Evaluation of Campus Space Questionnaire (Winter)—Chuangxin Building
8. Bottoms: [Multiple choice] *
OShorts OShort skirt OLeggings
OCapri trousers OKnee-length skirt LLong johns
OPants OShort sleeve dress OLong woolen underwear
OFleece-lined pants OLong sleeve dress
9. Shoes and Socks: [multiple choice] *
OSocks OSandal OSneaker
OStocking OShoes Boot
10. Other: [Multiple choice] *
OCap OEarmuff COMask
OCooling arm sleeves OGlove OScarf
[UNone
11. The light in your current environment makes you feel: [Single choice] *
0-3 0-2 o-1 00 O+1 O+2 0+3
Very dark Dark Slightly dark Moderate Slightly bright Bright Very bright
12. The view makes you feel: *
02 O-1 o0 O+1 O+2
Very uncomfortable Uncomfortable Moderate Comfortable Very comfortable
13. The main types of sound in this scene are: *
Ovehicle traffic Ohuman speech ORunning water O birds and insects sDo‘Z;r:ii and leaf Omusic or radio
14. The loudness of the current ambient sound makes you feel that: *
0-3 0-2 o-1 00 O+1 O+2 0+3
Very quiet Quiet Slightly quiet Moderate Slightly noisy Noisy Very noisy
15. The sound you heard made you feel: [Single choice] *
0-2 o-1 o0 O+1
Very uncomfortable Uncomfortable Moderate Comfortable Very comfortable
16. In the current environment, you feel that: *
O-3 0-2 O-1 o0 O+1 O+2 O+3
Very cold Cold Slightly cold Moderate Slightly hot hot Very hot
17. Based on your current sense of body, you feel that the environment: *
0—-2 o-1 o0 O+1
Very uncomfortable Uncomfortable Moderate Comfortable Very comfortable
* Mandatory option.
Appendix B
Table A2. Corresponding diagram of clothing insulation.
Clothing ClotIl{'lin‘g Thermal Clothing Clothing Thermal Clothing Clothin.g Thermal
esistance Resistance Resistance
Ves 0.06 T-shirt 0.08 Long-sleeved T-shirt 0.25
Thick coat 04 Thick coat 0.48 Sweater 0.28
Thermal underwear 0.20 Overcoat 0.6 Down jacket 1.09
Shorts 0.06 Capri trousers 0.2
Pants 0.28 Long johns 0.2 Knee-length skirt 0.33
Leggings 0.28 Fleece-lined pants 0.28 Short sleeve dress 0.19
Long woolen 0.2 Short skirt 0.23 Long sleeve dress 0.47
underwear
Socks 0.02 Stocking 0.02 Sandal 0.02
Sneaker 0.04 Boot 0.1 Shoes 0.04
None 0 Cap 0.05 Glove 0.05
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Appendix C
Table A3. Results of analysis of variance (ANOVA) for meteorological variables.
Sum of Squares df Mean Square F Sig.
Ta Between 28.852 8 26.107 814.219 0.000 *
Groups
Within Groups 10.100 315 0.032
Total 218.952 323
RH Between 856.641 8 107.080 134.166 0.000 *
Groups
Within Groups 251.406 315 0.798
Total 1108.047 323
Va Between 5.675 8 0.709 8.805 0.000 *
Groups
Within Groups 25.379 315 0.081
Total 31.054 323
G Between 616,017.901 8 77,002.238 109.311 0.000 *
Groups
Within Groups 221,895.432 315 704.430
Total 837,913.334 323
Tg Between 59.012 8 7.376 86.841 0.000 *
Groups
Within Groups 3.058 36 0.085
Total 62.070 44
Mluminance Béz\;e;: 5,235,427,812.494 8 654,428,476.562 127.791 0.000 *
Within Groups 419,930,323.528 82 5,121,101.506
Total 5,655,358,136.021 90
* significant at the 0.05 level.
Appendix D
Table A4. Mean values of physical measurements.
S1 S2 S3 S4 S5 S6 S7 S8 S9
Ta (°C)

Max 22.06 2216 2213 22.46 22.62 222 20.55 21.84 20.05
Min 21.98 22.09 21.98 21.38 2222 20.90 19.98 20.94 19.83
Mean+SD 2206+ 0.06  2211+002  2207+005 21414002 22394014 21414040 20294020 2139+025 1991 + 0.07

RH (%)

Max 38.43 3791 40.89 38.30 37.08 39.62 43.65 4127 40.40
Min 36.50 36.78 38.00 36.05 33.86 35.36 38.68 35.55 38.45
Mean+SD 3744+ 047  372+026  3874+064 3699+054 35164079 37784112 4134130 3848+ 152  39.44+0.57

Va(m/s)

Max 0.67 1.00 0.67 0.65 1.34 0.68 0.33 1.34 1.00
Min 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mean+£SD  0.05+ 0.14 0.16 + 0.27 0.04 +0.13 015+0.18  0426+£052 0104017 0.06 +0.13 0.35 4 0.42 0.27 4+ 0.29

G(W/m?)

Max 65.6 63.1 168.1 66.4 464.4 36.9 19.4 96.9 44.7
Min 44.4 61.9 469 542 456 33.1 11.9 306 385
Mean+SD  47.43+388  6230+057 6626+ 1843  61.24 +536 16%?;; 3574120  13.05+152 5556+ 14.66  42.06 + 2.10

UTCI (°C)

Max 24.5 254 24.9 217 26.7 23.9 207 205 183
Min 24.1 24.9 243 215 26.1 235 19.9 20.0 17.9
Mean + SD 244 £ 0.10 25+ 0.12 24.6 £0.13 21.6 £ 0.05 264 £ 0.15 23.7 £0.10 20.23 £0.19 20.2+0.14 18.1 +£0.12

Mluminance
(klux)
Max 9.84 11.14 14.07 14.46 31.07 6.13 3.01 17.42 6.75
Min 3.98 10.72 1.98 12.93 28.73 5.66 2.75 7.70 5.93
Mean + SD 7.00 +2.71 10.99 + 0.14 5.33 £3.44 13.82 + 0.55 29.67 £ 0.89 5.86 £ 0.21 29+ 0.85 13.4 +£5.12 6.34 +0.37




Forests 2024, 15, 876 24 of 27

Appendix E

Table A5. Results of two-way ANOVA.

df F Sig. df F Sig.

TSV UTCI 2 14.507 0.000 * TCV UTCI 2 1.265 0.283
STP 5 1.729 0.125 STP 5 1.872 0.097

UTCI x STP 9 1.688 0.088 UTCI x STP 9 0.668 0.738
TSV UTCI 2 13.643 0.000 * TCV UTCI 2 7.78 0.000 *
ACV 4 3.169 0.013 * ACV 4 89.163 0.000 *

UTCI x ACV 8 2.069 0.036 * UTCI x ACV 8 1.599 0.121
ASV UTCI 2 23.614 0.000 * ACV UTCI 2 5.236 0.005 *
STP 5 1.024 0.402 STP 5 3.812 0.002 *
UTCI x STP 9 2.637 0.005 * UTCI x STP 9 2.151 0.023 *
ASV STP 5 1.101 0.358 ACV STP 5 2.673 0.021 *
TCV 4 6.06 0.000 * TCV 4 107.372 0.000 *
STP x TCV 20 0.937 0.539 STP x TCV 20 1.601 0.046 *
TSV UTCI 2 38.919 0.000 * TCV UTCI 2 26.496 0.000 *
LUX 2 11.691 0.000 * LUX 2 13.611 0.000 *
UTCI x LUX 1 7.01 0.008 * UTCI x LUX 1 7.224 0.007 *
TSV UTCI 2 58.165 0.000 * TCV UTCI 2 3.058 0.048 *
VCV 4 1.929 0.104 VCV 4 132.513 0.000 *
UTC x VCV 6 1.35 0.232 UTCI x VCV 6 3.881 0.001 *
SSV UTCI 2 15.655 0.000 * VCV UTCI 2 17.213 0.000 *
LUX 2 4454 0.000 * LUX 2 10.673 0.000 *
UTC x LUX 1 1.825 0.177 UTCI x LUX 1 19.515 0.000 *
SSV LUX 2 40.76 0.000 * VCV LUX 2 1.231 0.293
TCV 4 3.456 0.008 * TCV 4 132.507 0.000 *
LUX x TCV 8 2.627 0.008 * LUX x TCV 8 2.306 0.019 *
* significant at the 0.05 level.
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