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Abstract: The rapid speed of urbanization in modern cities has led to various environmental chal-
lenges impacting human activities, livelihoods, and comfort. One of these effects is the urban heat
island, which describes the increase in temperature in an urban area resulting from the replacement of
natural surfaces with concrete, buildings, and other structures that absorb and retain heat. Variations
in individual perception and adaptative ability present additional challenges when trying to ensure
outdoor comfort and require advanced measuring instruments and simulation tools to accurately
predict a broad range of related variables. In this study, we investigated three different types of
blue-green spaces (six in total) on the campus of Guangzhou University, focusing on their distinct
layouts. The aim was to evaluate these spaces’ microclimate and sunlight intensity conditions by
quantifying several environmental factors. Subjective comfort assessments and objective physiologi-
cal parameter measurements were conducted using questionnaires and biosensors, respectively. The
results revealed the following: (1) Different types of blue—green spaces exhibit distinct microclimate
and visual environment characteristics, and while similar patterns emerged, certain environmental
parameters revealed important differences. (2) There is a significant association between individuals’
thermal and visual comfort in blue—green spaces and multiple environmental factors. (3) Linear
regression analysis demonstrated the strong predictive capabilities of skin conductance indicators
(Rsc, SCR, and nSCR) in assessing individuals’ outdoor visual-thermal comfort levels, with R2
exceeding 0.5, indicating high accuracy. These findings provide valuable insights and references
for urban planners and designers seeking to enhance the visual and thermal aspects of sustainable
landscapes on campuses as well as in other outdoor environments.

Keywords: thermal comfort; visual comfort; campus blue-green space; microclimate; sunlight
intensity; electrodermal activity

1. Introduction

With the rapid pace of urbanization, urban green and blue spaces have become essen-
tial components of the urban ecosystem, playing pivotal roles in promoting sustainable
urban development and enhancing residents’ physical and mental well-being [1]. However,
the effectiveness and ecological benefits of these spaces are often constrained by environ-
mental factors such as the urban heat island effect, which limit these spaces’ accessibility
and comfort [2]. These limitations not only decrease outdoor engagement but also hinder
urban areas’ overall vibrancy [3]. The fact that several elements influence personal percep-
tion and comfort levels in urban blue-green spaces further contributes to the complexity
involved in addressing these issues. While early research on this topic primarily focused on
examining the impact of various stimuli on individuals” environmental perceptions, more
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recent studies have emphasized the thermal and visual perception aspects of environmental
comfort [4-6].

Visual-thermal comfort is critical for mitigating heat stress and adapting to climate
change [7]. The American Society of Heating, Refrigerating, and Air-Conditioning Engi-
neers (ASHRAE) defines thermal comfort as ‘the psychological satisfaction of individuals
with the thermal environment’ [8]. Research has shown that urban green spaces can
effectively reduce ambient temperatures and enhance thermal comfort by facilitating evap-
orative heat dissipation and providing shade [9]. Natural water bodies have the ability
to evaporate cooling air to improve the thermal environment [10]. Vision, a vital sensory
component linking individuals to their surroundings, has also been shown to play a critical
role in the individual perception of the external environment [11]. Visual comfort refers
to the subjective sense of well-being derived from the visual environment [12], and in
outdoor settings, it is determined by environmental factors such as lighting [13]. The
presence of trees and vegetation in blue—green spaces can attenuate sunlight and provide
shade, thereby improving people’s visual comfort, while bodies of water provide wider
views and moist air [14]. Different types of blue—green spaces exhibit varying effects on
visual-thermal comfort levels due to variations in the vegetation and the layout of different
spaces [15].

In recent years, extensive research has underscored the comprehensive impact of
visual-thermal comfort. Specifically, empirical investigations have shed light on the dis-
cernible influence of the visual environment on thermal conditions [15], as well as the
potential of augmenting visual comfort to mitigate thermal discomfort [16]. Furthermore,
scholarly inquiries have delved into the interdependent relationship between the ther-
mal environment and the evaluation of the visual milieu. Notably, Lam et al. revealed a
positive correlation between thermal comfort voting and visual comfort voting [6], while
Lau and Choi elucidated a significant association between thermal comfort and aesthetic
assessment, unveiling a robust negative correlation between thermal sensation voting (TSV)
and perceptual aesthetic voting [17]. Importantly, explorations of urban landscapes and
street thermal comfort have demonstrated that the presence of verdant vegetation within
street spaces engenders heightened visual comfort and enhances the acceptance of the
thermal environment [14,18], despite potential deviations from pleasurable experiences [19].
Moreover, previous investigations have elucidated the psychological implications of visual
perception on human thermal sensation [20], yet it has been found that manipulating the
visual environment does not alter thermal perception when individuals are exposed to
temperatures equal to or exceeding 30 °C [21].

The interaction between humans and their environment is a complex biophysical pro-
cess, and accurately evaluating human comfort levels requires quantifying physiological
indicators and surveying individuals via questionnaires to account for the many physio-
logical parameters involved [22,23]. The thermal environment influences the human body
in several ways and leads to changes in physiological indicators such as skin temperature
(SKT) [24], heart rate (HR) [25], electrodermal activity (EDA) [26], and respiration rate
(RESP) [27]. Alterations in these indicators directly impact individuals” subjective percep-
tions and change how they then respond to the environment. Visual comfort is determined
by an even wider range of factors, and analyzing these non-thermal aspects requires the
careful consideration of several additional factors [28]. For instance, sunlight alters the
brightness and color of the outdoor environment, which affects both visual perception and
mental states [29]. Exposure to intense sunlight in a hot environment often reduces visual
comfort, and this change in one’s psychological state has an impact on the regulation of
the body’s thermal balance, ultimately reducing thermal comfort as well. Therefore, the
visual-thermal environment is defined by the interrelationships between visual-thermal
and physiological responses [30].

In recent years, research has increasingly focused on investigating the relationship
between subjective human comfort and objective physiological indicators to evaluate envi-
ronmental comfort [31]. One particular indicator that has received considerable attention
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is skin temperature (SKT) due to its sensitivity to changes in ambient temperature and its
strong correlation with thermal sensation votes (TSV) and thermal comfort votes (TCV) [32].
Skin conductance response (SCR), a highly sensitive measurement method, has frequently
been used to discern variations in human responses to several kinds of environmental
stimuli [33,34]. In this study, we aimed to improve the degree of accuracy achieved when
predicting changes in visual-thermal comfort and electrodermal activity (EDA) by analyz-
ing variations in participants’ visual-thermal comfort levels across six campus blue—green
spaces. Specifically, we sought to address the following research questions (Table 1).

Table 1. Information about the six campus spaces.

Research Question

Do microclimate and visual environmental factors vary according to identifiable patterns
Q1 and feature significant differences in different spaces? How do these factors affect
individuals’ thermal and visual comfort levels?

Q2 Is there a correlation between thermal comfort and visual comfort in outdoor green spaces?

Q3 Can skin conductance response serve as an effective predictor of visual-thermal comfort?

2. Materials and Methods
2.1. Study Areas and Sample Selection

This study was conducted at a university in Guangzhou, an area in southern China
where the weather is typically hot and humid. According to the Képpen climate classifi-
cation, which is widely used in ecology and climatology, Guangzhou belongs to a humid
subtropical zone (Cfa) and is characterized by a subtropical monsoon marine climate [35].
Climatological data from the China Meteorological Administration, shown below, spans
the period from 1991 to 2020 (Figure 1).
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Figure 1. Monthly mean/maximum/minimum air temperature and precipitation in Guangzhou
from 1991 to 2020.

Based on climatological data, Guangzhou experiences its highest average air tempera-
ture in July, reaching 28.9 °C, with an average maximum temperature peaking at 33.3 °C.
Conversely, January has the lowest monthly mean air temperature, averaging 13.8 °C, with
an average minimum temperature of 10.6 °C. The average monthly rainfall in Guangzhou
is recorded as 162.6 mm.

The university campus is in Guangzhou’s Panyu District and covers an area of ap-
proximately 125.33 hectares. Three criteria, sky view factor (SVF), the intended purposes of
the area, and typology [36], formed the basis for selecting three distinct types of outdoor
spaces on the campus, which we describe as tree-linear, open, and semi-open. Each of these
spaces feature diverse landscape elements that draw on features of blue-green spaces in
varying proportions and exhibit a variety of seasonal changes, providing a rich array of
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visual effects. Ultimately, each space that was chosen was determined to represent a typical

type of space found on campus (Table 2).

Table 2. Information about the six campus spaces.

Space

Types Scene Descriptions Spatial Characteristics SVF
Adjacent to the river
but not in sight; 0.284
The terran i Al high enclosure level;
e terrain 1s .
relatively flat, with dommtarteeei‘by tall
ground material
comprising
Tree—Linear primarily
Space permeable
pavement.
Vegetation includes
tall trees and Adjacent to a
ground- natural river; low
covered plants. A2 enclosure level; 0.440
dominated by tall
trees and shrubs.
Adjacent to an
artificial lake;
Bl dominated by tall 0952
The terrain is and large trees.
relatively flat, with
ground material
comprising
Open primarily
Space impermeable
pavement. Tall trees
and aquatic plants .
dominate the Adt]acelntvto a
i natural river;
vegetation. B2 dominated by short 0934
shrubs and grasses.
Not adjacent to the
C1 river; dominated by 0.514
The terrain is short, grassy trees.
relatively flat, with
ground material
comprising
Semi—Open primarily
Space impermeable
pavement.
Vegetation includes
tall trees and shrubs. Adjacent to the
o) river but not in 0325

sight; dominated by
tall and large trees.

2.2. Microclimate and Sunlight Intensity

The thermal environment comprises several important elements, including air tem-

perature (Ta), relative humidity (Rh), wind speed (Ws), moving wind speed (Mws), and
globe temperature (Tg). These factors, along with sunlight intensity (SI), collectively in-
fluence individual perception of the outdoor space environment [37]. In our monitoring
activities, we referred to the ISO 7726 standard [38], which presents comprehensive method-
ologies for the measurement of temperature, humidity, wind speed, and thermal radiation.
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Moreover, we have followed the guidance outlined in ISO 7243 [37], a widely recognized
standard specifically designed for the assessment of thermal comfort in outdoor settings.
Concerning the measurement of outdoor illuminance, it is recommended to adhere to
the national standard GB/T 5700-2008 [39] “Methods for Measurement and Reporting of
Environmental Photometry”.

Based on the climate data derived from the China Meteorological Administration
spanning the period 1991-2020, the monthly mean temperatures and precipitation levels
observed during the summer months of June to September were comparatively lower.
The existing scientific literature suggests that participants’ thermal perception remains
unchanged even with adjustments made to the visual environment, when exposed to
environmental conditions > 30 °C [16,40]. Therefore, for the purpose of our study, we
chose 25 October 2022 as the date for field measurements, during which the ambient
temperature ranged between 17 °C and 30 °C. The measuring instruments were securely
positioned at designated points within each space at 1.5 m above the ground to ensure
that relevant climate parameters were accurately captured. The experiment was conducted
from 12:30 to 17:30 on the same day, with recordings taken once per minute in each of
the six spaces. The results, including valid measurement ranges and the accuracy of each
parameter, are presented in Table 3.

Table 3. Measurement parameters and device specifications.

Instrument Parameter Valid Range Accuracy
Kestrel /weather station .
NK-5500 Wind speed 0~5m/s +0.05m/s
ONSET/HOBO Pro Air temperature —40~70 °C +0.5°C
U23-002 Relative humidity 0~100% +2.5%
WBGT temperature index meter Globe temperature 5~120 °C +0.5°C
JTR-04
Multi-probe illuminometer s . 4 o
7DS-10F-2D Sunlight intensity 0-20 x 10* klx +4%

2.3. Questionnaire Survey and Physiological Testing
2.3.1. Participants

A total of 20 student volunteers (10 males and 10 females) participated in the study.
The participants’ ages ranged from 18 to 22 years, with heights and weights spanning from
1.55 m to 1.85 m and from 50 kg to 80 kg, respectively (Table 4). All participants were
students who had lived in Guangzhou for more than one year, which was determined to
be an adequate amount of time to acclimate to local climatic conditions and accurately
perceive temperature changes. Before the experiment, each participant received a detailed
briefing on the experimental procedure, requirements, and precautions. All participants
had normal vision and were deemed capable of providing reliable assessments of their
visual environment.

Table 4. Summary of participants” information (values are means + standard deviation).

Gender Number Age (Years) Height (cm) Weight (kg)  BMI (kg/m?)
Male 10 18.8 £0.98 17510 £5.11  68.75£8.60  22.37 £2.22
Female 10 192+087  163.60 +6.34 5540+£9.05  20.62 +2.63
Total 20 19 £0.95 169.35 £ 8.14 62.08 +=11.07  21.50 £ 2.58

Participants were required to adhere to a specific dress code, which included wearing
underwear, a short-sleeved shirt, sports pants, cotton socks, and sports shoes, resulting in a
total clothing insulation value of approximately 0.5 clo [41]. Additionally, participants were
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informed to avoid staying up late and consuming alcohol the day prior to the experiment,
ensuring their physical and mental well-being during the test.

Prior to the experiment, each participant received a comprehensive briefing on the
experimental procedure, requirements, and precautions. All participants had normal vision
and were deemed capable of providing reliable assessments of their visual environment.
To maintain consistent environmental stimuli and optimize visual clarity, the use of sun
umbrellas was prohibited during the experiment.

2.3.2. Experimental Design

Participants were divided into five groups, with each group consisting of four mem-
bers. All groups were balanced in terms of gender, and their members had similar physical
characteristics. A one-hour interval separated experiments with the participants of each
group. Prior to the start of an experiment, participants were instructed to rest in a shaded
area for 10 min to stabilize their physiological state. During this time, an experimental
assistant helped the participants attach the physiological monitoring devices. Under the
assistant’s guidance, participants were instructed to walk in each designated space and
observe the surrounding landscape for 5 min. Once the participants had adapted to a
given environment, their physiological response was measured via specified parameters.
Participants then completed thermal perception and visual perception questionnaires.
This process was repeated until all participants had experienced every designated space

(Figure 2).
g K s g &

2min 2min  wemw

Sit and adapt to the environment Questionnaire ~ Walking Landscape Perception Questionnaire Walking

Physiological Measuring

’ < Sit quietly > | Next | < Al > | Next

Figure 2. Experimental procedure.

2.3.3. Questionnaire Design

The questionnaire used in this study consisted of three sections: the initial section
collected the participants’ personal information, and the second and third parts contained
assessments of subjective thermal comfort and subjective visual comfort according to the
definitions provided by ASHRAE [8]. These assessments employed a Likert scale in which
participants rated their thermal and visual sensation level on a scale of one to five and their
visual and thermal comfort level on a scale of one to seven. Their responses corresponded to
the following physiological parameters: thermal sensation vote (TSV), thermal preference
vote (TPV), thermal comfort vote (TCV), wind sensation vote (WSV), humidity sensation
vote (HSV), solar radiation sensation vote (RSV), sunlight sensation vote (S5V), sunlight
preference vote (SPV), and visual comfort vote (VCV) (Table 5).

Table 5. Questionnaire design.

Section 1: Participant Information

Name: Height:
Gender: Weight:
Age: BMLI:

Section 2: Thermal Comfort Evaluation

Q1: Thermal Sensation Cold -3-2-10123 Hot
Q2: Humidity Sensation Dry -3-2-10123 Humid
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Table 5. Cont.

Q3: Wind Speed Sensation Low -3-2-10123 High

Q4: Solar Radiation Sensation Weak —-3-2-10123 Strong

Q5: Thermal Comfort Uncomfortable 01234 Comfortable
Q6: Thermal Preference Cooler —1 Unchanged 0 Warmer 1

Section 3: Visual Comfort Evaluation

Q1: Sunlight Sensation Dim -3-2-10123 Bright

Q2: Visual Comfort Uncomfortable 01234 Comfortable
Q3: Sunlight Preference Darker —1 Unchanged 0 Brighter 1

2.3.4. Physiological Measurement

ErgoLAB, a physiological monitoring instrument, which is specifically designed for
outdoor environments and capable of detecting subtle environmental changes via sensors,
was used to measure participants’ electrodermal activity (EDA) in real time. Data recording
and analysis were then performed using the ErgoLAB HMI Assessment System. The
measurement range and accuracy of the monitoring instrument for skin conductance
response (SCR) is presented in Table 6.

Table 6. Measurement parameters and specifications of the device.

Instrument Parameter Valid Range Accuracy

EDA
Skin Conductance Sensor

Skin Conductance Response 0~30 uS 0.01 uS

Electrodermal activity (EDA) is considered the most effective and sensitive physiologi-
cal parameter reflecting excitatory changes in the human sympathetic nervous system. It
offers additional advantages such as stability, ease of collection, and high sensitivity [33].
This study analyzed the results of the EDA measurements according to the primary in-
dicators of skin conductance (SC), skin conductance response (SCR), and the number of
skin conductance responses (nSCR) [42]. SC refers to the contraction or relaxation of the
blood vessels when the body is subjected to sensory stimulation or emotional changes,
which causes changes in skin resistance due to sweat gland secretion [43]. To account for
individual variation in physiological signaling, the skin conductance rate (Rsc) was used
as the SC research index. Participants” average skin conductance when presented with
different visual stimuli (Asc) associated with the particular visual scene, as well as their
average skin conductance under sedation (Aclam), were recorded. These indices were then
used to calculate the Rsc as follows [44]:

Asc — Aclam
Rsc = W (1)

SCR refers to the physiological and psychological activation state induced by stim-
ulation and reflects short-term brain processes. The SCR amplitude reflects the intensity
of both internal and external stimulation, with higher values indicating a more vigorous
response [45]. The nSCR represents the number of SCRs occurrences following a stimulus
event. A higher nSCR value indicates a stronger response to the stimulus.

During the experiment, the sensor was consistently placed on the right wrist of each
participant, while the sensor patch was attached to the first joint of their index and middle
fingers [46]. After entering a space, participants were given 2 min to adapt to climatic
conditions in the surrounding environment before their EDA was recorded. This study
had a particular interest in accounting for deviations in physiological index values from
medical reference values; therefore, there was a pronounced focus on variations in this area.
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2.3.5. Statistical Analysis

To examine the relationships between variables, SPSS 25.0 was utilized to perform
a statistical analysis, with p < 0.05 considered to be statistically significant. Descriptive
analysis, one-way analysis of variance (ANOVA), the Pearson correlation, the chi-square
independence test, and linear regression were also used (Figure 3).

l = The research The research
I S S i content of Q1 method for Q1
1 1
1 1 = Th h
1 e researc| The research
: : y | — — = content of Q2 :I method for Q2
I 1| Sunlight : one-way Pearson
T o w The research The research
- | environment | ANOVA correlation content of Q3 method for Q3
Environmental : :
elements | 1
I || Thermal |
: "| environment : y
1 I
: : Q1 Q2 —> Q3 DONE
1 1
.| Visual ! A
: comfort :
Questionnaire I 1
1 1
survey | | the Chi-square .
Pearson . Linear
|| Thermal 1 correlation independence reglression
1 1
| comfort i test
1 | A
1 |
1 +
1 |
g —— 1
T Pearson
correlation
Physiological o| Electrodermal
testing g activity

Figure 3. Methodology flow chart.

To address the first research question posed earlier, a one-way ANOVA was conducted
to compare microclimate factors in different spaces to determine if there were significant
differences among them. The Pearson correlation was also used to explore potential associa-
tions between thermal comfort voting and visual comfort voting within each space, as well
as any possible relationships between these voting results and microclimate parameters.

For the second research question, the Pearson correlation was used to investigate
the correlation between thermal and visual comfort indices and various environmental
parameters. Chi-square independence tests were also performed to identify whether there
was a significant association between thermal comfort measures (e.g., TSV, TPV, and TCV)
and visual comfort measures (e.g., SSV, SPV, and VCV).

Regarding the third research question, we again employed the Pearson correlation
to examine the relationships between physiological, microclimate, and sunlight factors.
Subsequently, linear regression was performed to compare physiological parameters with
the TSV and SSV, allowing us to evaluate the predictive power of physiological parameters
for visual-thermal comfort.

3. Results
3.1. Variations in Microclimate and Illumination in Different Thermal Environments

Table 7 displays the mean values of the meteorological variables measured within
the six spaces during the experiment. These data were processed using RayMan 1.2 to
calculate the mean radiation temperature (Tmrt) and the universal thermal climate index
(UTCI) [47]. Our findings revealed that elements in different spaces had distinct impacts
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on thermal comfort, and the interplay between thermal and non-thermal factors influenced
individuals’ sense of comfort. Thermal factors included thermal environment indices such
as Ta, Rh, Ws, Tg, and Tmrt, while non-thermal factors mainly involved indices related to
the visual environment, such as SI. Throughout the experiment, environmental parameters
exhibited variations across the six spaces, while similar patterns of change were observed
across spaces of the same type (Figure 4).

31 60
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© 30 Z
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£ E 50
b =
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= v
o 2 45
=27 ks
< &
26 40 1 1 1 1
12:30 13:30 14:30 15330 1630 17:30 12:30  13:30  14:30 1530 16:30  17:30
Time Time
(a) (b)
2.5 45
O
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] 5 35
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0 Q 25
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(e)

Figure 4. Variation trends of (a) air temperature, (b) relative humidity, (c) wind speed, (d) globe
temperature index, and (e) sunlight intensity in six spaces.
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Table 7. Mean values of environmental parameters at each measurement point.

Tree-Linear Space Open Space Semi-Open Space
Parameter
Al A2 B1 B2 C1 C2
SVEF (%) 0.284 0.440 0.952 0.934 0.514 0.325
Ta (°C) 2791 28.21 29.39 2891 28.38 28.68
Rh (%) 51.41 50.98 4791 50.16 51.37 50.48
Ws (m/s) 0.43 0.93 0.82 1.02 0.52 0.56
Mws (m/s) 0.58 0.68 0.66 0.60 0.57 0.48
Tg (°C) 28.33 29.77 38.15 37.31 32.87 33.00
Tmrt (°C) 28.23 30.05 39.85 39.09 33.43 33.55
UTCI (°C) 27.40 27.80 35.20 33.70 31.00 28.55
SI (1x) 2348.40 3629.20 63,592.00 69,988.00  38,162.80  23,734.40

We conducted a one-way ANOVA to assess the variations among these environmental
parameters, revealing significant differences between them (p < 0.01). By comparing spaces
with similar SVF values (Al and C2, A2 and C1, and B1 and B2), we were able to identify
several notable features. For instance, spaces with higher vegetation coverage (Al and C1)
had lower Ta and higher Rh values. Spaces closer to water (A2 and C2) exhibited higher
Ws and a lower UTCL B1 and B2, characterized by expansive vistas, were found to have
significantly higher Ws than the other spaces. In addition, B1 had the highest SVF, Ta, and
Tg values and was second only to B2 in the amount of SI. At the same time, B1 had the
lowest Rh, resulting in the highest UTCL. In contrast, Al had the lowest SVEF, Ta, Tg, and SI,
but the highest Rh, and exhibited the lowest UTCI. These differences are believed to be the
result of variations in vegetation planting patterns and distinct spatial layouts.

3.2. Correlation Analysis between Thermal Comfort and Visual Comfort
3.2.1. Changes in Visual-Thermal Comfort in Different Thermal Environments
Tables 8 and 9 present the thermal comfort and visual comfort vote results, along with

their corresponding correlation coefficients. The following analysis examines variations
and similarities in vote scores across different types of spaces (Figure 5).

Table 8. The voting results of visual-thermal comfort indicators across different spaces.

Al A2 B1 B2 C1 Cc2
TSV 0.20 +0.93 0.754+0.70 1.40 £+ 0.80 1.45 £0.59 0.75 4+ 0.70 0.80 +0.75
TPV 2.3540.48 2.05+0.50 1.95 £ 0.50 1.90 £ 0.54 2.05+0.38 2.20 +0.40
TCV 2.90 £ 0.62 2.55 £0.80 1.55+0.80 1.70 £ 0.90 2.35 £ 0.57 215+£0.73
HSV 0.15+1.01 0.15+£1.01 —0.25+1.26 —0.20 = 1.36 0.05 = 1.07 0.15 = 1.06
WSV 0.50 = 0.92 —-0.15+1.31 0.30 +=1.27 —0.05 +£1.32 0.15+1.24 —0.20 = 1.08
RSV 0.50 & 1.07 1.20 £ 0.60 1.95 £+ 0.97 2.00 + 0.63 0.85 +0.79 0.75 +1.04
SSsV 0.40 +1.02 1.40 £ 0.66 2.10+1.04 2.25+0.70 0.70 + 0.95 0.90 +1.09
SPV 2.50 £ 0.74 2.45 £ 0.74 2.10 £ 0.62 2.05 £ 0.59 2.30 £ 0.56 2.30 £0.56
VCV 2.65 £ 0.57 2.45 £ 0.50 1.75+0.70 1.70 £ 0.71 2.35 £ 0.57 2.15£0.65
Table 9. Correlation analysis of the voting results for visual-thermal comfort.
TSV TPV TCV HSV WSV RSV SSv SPV VCVv

TSV 1

TPV —0.390 ** 1

TCV —0.606 **  (0.249 ** 1

HSV —0.250 ** 0.146 0.343 ** 1

WSV —0.337 ** 0.194* 0.446 ** 0.325 ** 1

RSV 0.623 ** —0.227*  —0.487* —0.174 —0.255 ** 1

SSV 0.615 ** —-0.189*  —0.498*  —0.246**  —0.213* 0.884 ** 1

SPV —0.282 ** 0.260 ** 0.218 * —0.091 0.019 -0.133 -0.173 1

VCV —0.428 ** 0.242 ** 0.672 ** 0.413 ** 0.191 * —0.460 **  —0.475** 0.248 ** 1

Note: ** Correlation is significant at the 0.01 level (2-tailed); * correlation is significant at the 0.05 level (2-tailed).
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Figure 5. The proportions of thermal sensation voting (a) and sunlight sensation voting (b) across
different spaces.

Regarding the TSV and SSV, the highest values can be found in B2: 1.45 (indicating a
sensation between ‘warm’ and ‘relatively hot’) and 2.25 (indicating a brightness between
‘bright” and ‘very bright’), respectively. Conversely, Al has the lowest TSV and SSV values
at 0.20 (between ‘no sensation” and ‘relatively hot’) and 0.40 (between ‘no sensation” and
‘dark’), respectively. The Pearson correlation revealed a significant positive correlation
between the TSV and SSV, with a coefficient of 0.615. However, the TSV and SSV are
negatively correlated with the TPV, TCV, HSV, WSV, SPV, and VCV but positively correlated
with the RSV.

Regarding the TCV and VCV, A1 has the highest scores, while B1 and B2 have the
lowest scores at 1.55 (between ‘no feeling” and ‘less comfortable”) and 1.70 (between ‘no
feeling’ and ‘less comfortable’), respectively. A significant positive correlation exists be-
tween the TCV and VCV, with a coefficient of 0.672. Additionally, the TCV and VCV show
significant positive correlations with the HSV, WSV, and SPV while showing significant
negative correlations with the TSV, RSV, and SSV.

3.2.2. Correlation Analysis between Visual-Thermal Comfort Index and Environmental
Parameters in Different Thermal Environments

We further analyzed the correlation between thermal comfort, visual comfort, and
various environmental parameters. The results revealed significant correlations between
thermal comfort and environmental parameters. As shown in Table 10, both the TSV and
SSV show significant positive correlations with Ta, Ws, Mws, Tg, Tmrt, the UTCI, SI, and
SVF and are negatively correlated with Rh. Tmrt has the strongest correlation with the
TSV and SSV, with correlation coefficients of 0.502 and 0.615, respectively. However, their
correlation with Mws is relatively weak, with correlation coefficients of 0.023 and 0.330
for the TSV and SSV, respectively. No significant correlation was observed between Ws
and the TSV or SSV. This is likely due to the low efficiency of air heat exchange in low Ws
environments, resulting in heat accumulation that leads to the feeling of stuffiness.

Table 10. Correlation analysis between visual-thermal comfort voting and microclimate elements.

Ta

Rh Ws Mws Tg Tmrt UTCI SI SVF

TSV
TPV
TCV
SSvV
SPV
VCV

0.164
—0.155
—0.564 **
0.562 **
—0.118
—0.251 **

—0.006 0.068 0.023 0.288 ** 0.300 ** 0.332 ** 0.308 ** 0.265 **
0.071 —0.118 —0.131 —0.166 —0.164 —0.249 ** —0.206 * —0.270 **
0.258 ** 0.102 —0.225*% —-0.615*  —0.622*  —0482*  —0565*  —0.469 **

—0.340 ** —0.012 0.330 ** 0.615 ** 0.615 ** 0.478 ** 0.478 ** 0.533 **
—0.154 —0.021 —0.046 —0.239 **  —0.242 ** —0.233 * —0.257 ** —0.227 *
0.048 0.136 —0.066 —-0.392*  —0387*  —-0317*  —0.399*  —0.223 **

Note: ** Correlation is significant at the 0.01 level (2-tailed); * correlation is significant at the 0.05 level (2-tailed).
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Furthermore, significant correlations were observed between the TCV and VCV and
environmental parameters. The TCV and VCV show significant negative correlations with
Ta, GT, Tmrt, the UTCI, SI, and SVF while showing a significant positive correlation with
Rh. Specifically, Tmrt exhibits the strongest correlation with the TCV, with a correlation
coefficient of —0.622, while SI has the strongest correlation with the VCV, with a correlation
coefficient of —0.565. Just as with the TSV and SSV, we found no significant correlations
between Ws and the TCV or VCV.

3.2.3. Correlation Analysis of Visual-Thermal Comfort

Figure 6 depicts the results of the linear regression analysis examining the relationship
between thermal sensation and light sensation voting in response to a 1 °C change in the
UTCI and a 1 K lux increase in light intensity. These parameters were factored into our
analysis in line with prior research, and a strong positive correlation between the two
variables emerged [48]. This confirms that individuals tend to perceive their environment
as brighter when they experience a higher degree of thermal sensation.

4.0
y = 1.7004x ~ 0.422 a0 L7 ;265’3"6;2:665
R2=0.8826 ’ b
I S 20
wn
wn
i g 10 |
0.0
0.0 05 1.0 15 2.0 10
: : : : : 0.0 05 1.0 15 2.0
mTSV —
(a) (b)

Figure 6. Linear regression of mean TSV (mTSV) and mean SSV (mSSV) based on 1 °C UTCI (a) and
1 Klux (b). p < 0.01 (double tail).

The TSV exhibited significant correlations with the SSV, SPV, and VCV, with chi-square
values of 87.347,17.718, and 59.088 and DF values of 20, 8, and 12, respectively (Figure 7a—c).
These findings suggest that, as individuals experience higher temperatures, they tend to
perceive their environment as visually brighter, further confirming the association between
temperature and light perception. The results also reveal that individuals prefer darker
lighting in warmer environments and brighter lighting in more temperate environments,
indicating that light preference is influenced by temperature. Moreover, it was observed
that individuals not only experience thermal discomfort in hot environments but also
experience visual discomfort, suggesting an additional relationship between visual comfort
and temperature.

Significant correlations were also observed between the TPV and SSV, the SPV, and
the VCV, with chi-square values of 18.729, 39.251, and 16.059 and DF values of 10, 10, and
6, respectively (Figure 7d—f). The data analysis results indicated that different lighting
conditions led to variations in individuals’ temperature preferences, suggesting that light
perception plays a role in determining temperature preference. Furthermore, light prefer-
ence and visual comfort affect how individuals evaluate their thermal comfort, indicating a
reciprocal relationship between light preference, visual comfort, and temperature.
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Figure 7. (a,d,g) are percentage bar charts for TSV and SSV, SPV, and VCV, respectively.
(b,e,h) correspond to the percentage bar charts for TPV and SSV, SPV, and VCV, respectively.
(¢ f,1) display percentage bar charts for TCV and SSV, SPV, and VCYV, respectively.

Moreover, the TCV showed significant correlations with the SSV, SPV, and VCV,
with chi-square values of 95.224, 34.250, and 119.065 and DF values of 50, 20, and 30,
respectively (Figure 7g—i). An in-depth analysis of the relationship between the TSV, SSV,
TPV, and VCV revealed that different lighting conditions affect individuals’ sensations and
their evaluation of thermal comfort, and lighting preference also influences individuals’
evaluation of thermal comfort. These findings suggest that light perception significantly
impacts thermal comfort and that visual comfort is thus correlated with thermal comfort.

3.3. Correlation Analysis between Physiological Parameters and Thermal Comfort
3.3.1. Changes in Physiological Parameters in Different Types of Spaces

Table 11 presents an overview of the average changes in physiological parameters
among the participants in each space during the experiment, with the Rsc, SCR, and nSCR
used as indices to account for individual variations in physiological signals. As can be
seen, B1 is the space with the highest average Rsc (0.641), while A1l has the lowest (0.286).
The maximum SCR amplitude can be seen in B1 (0.43), while the minimum is found in A2
(0.32). The highest nSCR value occurs in Al (44.950), while the lowest occurs in B2 (28.950).
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Table 11. Mean values of different skin electrical indices in each space.

EDA Al A2 B1 B2 C1 C2
Rsc 0.286 0.336 0.641 0.456 0.489 0.623
SCR 0.40 0.33 0.43 0.37 0.39 0.37

nSCR 44.950 39.150 33.150 28.950 42.900 38.611

A one-way ANOVA was performed for the indices in each space. The results re-
vealed significant differences in the Rsc and nSCR among the six spaces (p < 0.05), but
no significant differences in SCR were identified (p > 0.05). Subsequently, Tukey’s Hon-
estly Significant Difference (HSD) was conducted to further confirm whether there were
significant differences between spaces (Figure 8a—c).
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Figure 8. (a—c) represent the mean Rsc, SCR, and nSCR, respectively, while (d,e) represent UTCI and
SI, respectively, for the six spaces.

Figure 8d,e illustrate variations in the mean UTCI and SI values across different spaces.
It can be seen that the UTCI follows a pattern similar to SCR and the Rsc but exhibits an
opposite trend when compared to the nSCR. Similarly, SI closely aligns with SCR but runs
counter to the nSCR.

3.3.2. Correlation Analysis between Physiological Parameters and Environmental
Parameters under Different Spatial Conditions

We conducted a correlation analysis between each skin conductance index and the
environmental parameters. The results, shown in Table 12, show positive correlations
between the Rsc index and Ta, Tg, Tmrt, the UTCI, and SI, with correlation coefficients
of 0.194, 0.214, 0.223, 0.192, and 0.246, respectively. On the other hand, the nSCR index
is negatively correlated with Ta, Mws, Tg, Tmrt, the UTCI, SI, and SVF, with correlation
coefficients of —0.400, —0.238, —0.382, —0.379, —0.267, —0.297, and —0.300, respectively. In
addition, the nSCR is positively correlated with Rh, with a correlation coefficient of 0.301.
However, no significant correlations were found between SCR and environmental parame-
ters, and the observed spatial differences were minimal, perhaps limited by individual or
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other spatial variations. Nonetheless, the results suggest that changes in SCR can serve as

a supplementary index for assessing comfort, providing insights into the human body’s
physiological response to the thermal environment.

Table 12. Correlation analysis between skin electric parameters and environmental parameters.

EDA Ta Rh Ws Mws Tg Tmrt UTCI SI SVF
Rsc 0.194 * —0.106 —0.063 0.020 0.214 * 0.223 * 0.192 * 0.246 ** 0.138
SCR —0.020 0.110 0.059 0.058 0.046 —0.148 0.014 0.064 0.071
nSCR —0.400 ** 0.301 ** —0.044 -0.238**  —-0382*  -0379*  —-0.267*  —0.297*  —0.300 **
Note: ** Correlation is significant at the 0.01 level (2-tailed); * correlation is significant at the 0.05 level (2-tailed).
3.3.3. Relationship between Physiological Parameters and Apparent Thermal Comfort
Figure 9 delineates the linear regression associations among the EDA index, TSV, and
SSV, treating voting values exceeding 3 as an indication of minimal personal factor influence.
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Figure 9. (a—c) show linear regression relationships of mean Rsc, SCR, nSCR, mean TSV (mTSV), and
mean SSV (mSSV), respectively.

4. Discussion

By comparing data from measurement points in six unique spaces, significant dif-
ferences were identified among environmental parameters in different types of spaces.
Among these parameters, Ta and SI were found to be the most affected. When comparing
spaces of the same type, it was revealed that spaces with dense vegetation and proximity
to water produced more comfortable environmental conditions than spaces with sparse
vegetation and high canopy cover (A2, B2, and C2). The SVF values for space A2, B2, and
C2 were 0.440, 0.934, and 0.325, respectively. The mean Ta was recorded as 28.6 °C, with
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a relative humidity of 50.54%. Spaces with dense vegetation and adjacent water sources
benefited from cooling and humidifying effects, while areas with sparse vegetation and
high canopy cover had higher Ta and lower Rh, reducing comfort levels.

In addition, a positive correlation was identified between the TSV and SSV: the corre-
lation coefficient was 0.615, implicating thermal and non-thermal factors. However, the
combined effect of these factors varied across different space types, resulting in differences
in UTCI values. Previous studies have established the significant impact of the UTCI on
individuals’ subjective TSV; this study found that the UTCI also influences the SSV. In
spaces characterized by high Ta, the UTCI variations had a more pronounced impact on the
TSV and TCV, with individuals tending to experience more comfortable thermal sensations
in low SI environments. In spaces with low Ta, the TSV increased with an increase in SL

This study also explored the relationship between UTCI levels and visual comfort.
Under conditions of low outdoor light intensity, higher UTCI levels were observed to
reduce individuals” S5V and increase the VCV. In contrast, environments with higher SI
resulted in lower UTCI levels, suggesting a more comfortable visual experience.

Furthermore, three physiological indices (Rsc, SCR, and nSCR) were identified as
being particularly sensitive to environmental changes in outdoor environments, and both
thermal and non-thermal factors were significantly correlated with the Rsc and nSCR. The
correlation coefficients with Tg were 0.214 and —0.382, and the correlation coefficients
with SI were 0.246 and —0.297. Specifically, the Rsc exhibited a strong correlation with SI,
indicating that changes in light intensity directly influenced participants” physiological
responses. Weak correlations were also observed between the Rsc and Ta, Tg, and Tmrt.
Additionally, linear regression analysis revealed a positive correlation between the Rsc and
participants’ visual-thermal sensations—particularly with the TSV and, to a lesser extent,
with the SSV. This suggests that both thermal and non-thermal effects directly impact
individuals’ perceptions and lead to physiological reactions. For example, higher Ta results
in a sensation of heat, triggering sweating and blood vessel dilation, which leads to an
increased Rsc.

Conversely, high SI induces tension and the constriction of blood vessels via visual
stimulation, resulting in an elevated Rsc. In contrast, Ta, Tg, and Tmrt have weaker
effects on the Rsc, suggesting that their influence on human comfort occurs indirectly
and may depend on overall environmental conditions and interactions. For example,
high Tg may contribute to discomfort in the human body, but this discomfort may be
caused by a combination of multiple thermal effect factors rather than by temperature
alone. Conversely, the nSCR exhibited a significant negative correlation with Ta, Tg, Tmrt,
and SVF and a significant positive correlation with Rh, while showing relatively weak
correlations with Mws, the UTCI, and SI. Linear regression analysis demonstrated negative
correlations between the nSCR and the TSV—and especially between the nSCR and the
SSV—indicating that the nSCR is particularly sensitive to changes in light intensity. The
weak relationship between the nSCR and the TSV may be attributed to the limits of thermal
sensations’ influence on physiological and psychological activation states or the limited
range of changes in thermal sensations accounted for by the experiment.

The study also revealed that the Rsc had a stronger positive correlation with SI in
environments with lower Ta, while the nSCR exhibited a more pronounced negative
correlation with Ta in environments with lower SI. The correlation coefficients for the Rsc
between the SSV and TSV were 0.81 and 0.57, respectively, while the correlation coefficients
for the nSCR between the SSV and TSV were 0.78 and 0.68, respectively. The Rsc’s higher
correlation with the TSV suggests that it is a more reliable predictor of thermal sensation.
Conversely, the nSCR was more strongly correlated with the SSV, indicating that it can be
used to accurately predict visual comfort. Therefore, it may be concluded that the Rsc can
predict the TSV under intense stress (UTCI: 26-32), while the nSCR can be employed to
predict the SSV under even greater stress (UTCI: 32-38).

Furthermore, SCR did not exhibit significant correlations with environmental variables,
and spatial differences had minimal effects. Therefore, SCR should be regarded as a
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supplemental indicator for evaluating thermal comfort. Linear regression analysis revealed
negative correlations between SCR and the TSV, as well as SCR and the SSV, suggesting that
environmental stimuli have a substantial impact on SCR. While environmental variables
primarily affect visual-thermal comfort, their effects on physiological responses, such as
blood circulation and sweat gland secretion, may not be immediately reflected in SCR
measurements. This likely explains the weak correlation between SCR and environmental
variables, as well as the minor effects different spaces had on this index. However, SCR
still has value for its ability to provide supplementary information on visual-thermal
comfort and indicates specific points on the human body that allow the effects of outdoor
environmental stimuli to be accurately evaluated.

The findings of this study have important implications for landscape planning, design,
and the sustainable development of thermal environments on campuses in China. Despite
certain limitations, the experiment highlighted the influence of spatial characteristics on
the visual-thermal comfort of its participants. Campus planners and landscape designers
should consider how to effectively combine landscape elements and spatial layout in ways
that improve overall visual and thermal comfort. The correlations between visual comfort,
thermal comfort, and human physiological parameters (such as skin conductance) identified
in this study can also be used as a basis for evaluating human experience and satisfaction.
It should be noted that, as this study focused on a specific campus setting under typical
summer weather conditions, future research should attempt to explore the relationships
between a wider range of physiological parameters over multiple seasons, providing a
more comprehensive understanding of visual-thermal comfort in green campus spaces.

5. Conclusions

This research offers valuable information and references for the visual-thermal aspects
of environmental planning and the sustainable development of landscapes on Chinese
campuses. Although subject to certain limitations, the experiment underscores the impact
of spatial characteristics on participants’ visual-thermal comfort. Campus planners and
landscape designers should carefully consider how to effectively integrate landscape
elements and spatial layouts to enhance overall visual and thermal comfort. The observed
correlations between visual comfort, thermal comfort, and physiological parameters such
as skin conductance can provide a foundation for evaluating human experiences and
satisfaction. Specifically, this study provides the following conclusions and optimization
strategies for green space design:

(1) Even under the same climatic conditions, each space exhibits different microclimates
and visual environmental characteristics, resulting in significant differences in en-
vironmental parameters such as Ta and SI. Within the same type of space, areas
with dense vegetation and water features tend to have lower Ta and higher Rh.
Therefore, designing green spaces with different vegetation densities and waterfront
features can create diverse microclimates and visual environments and address en-
vironmental challenges. For example, in areas with pronounced urban heat island
effects, increasing vegetation coverage and incorporating water elements help to lower
temperatures and provide people with more comfortable and diverse thermal and
visual experiences.

(2) There is a significant correlation between the thermal comfort and visual comfort
experienced in outdoor blue—green spaces. Environmental parameters such as Ta,
Rh, Ws, Tmrt, and SI influence people’s perceptions and sensations of the outdoor
environment, thereby affecting their visual-thermal comfort levels. The results of this
study indicate that Ta, Rh, and Tmrt are related to thermal comfort, while SI and SVF
are related to visual comfort. Therefore, when designing green spaces, it is crucial
to consider how to optimize thermal and visual comfort. Adjusting environmental
parameters such as temperature, humidity, wind speed, radiant temperature, and
lighting can contribute to the enhancement of the thermal and visual experience. The
thoughtful planning of green space layouts should consider the unique characteristics
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and functional needs of different spaces to ensure a range of comfortable thermal
and visual experiences. For instance, incorporating structures that provide shade and
offer cool resting areas while maintaining unobstructed views can enhance the overall
comfort of an outdoor environment, especially in hot weather conditions.

(38) Physiological parameters vary with visual stimuli and microclimate conditions, re-
flecting their association with visual-thermal comfort. We used linear regression
analysis to examine the relationships between three physiological parameters (Rsc,
SCR, and nSCR), a thermal sensation vote (TSV), and a sunlight sensation vote (SSV).
The results indicated that the Rsc is positively correlated with the TSV and the SSV,
with R? values of 0.8101 and 0.576, respectively. SCR is negatively correlated with TSV
and SSV, with R? values of 0.8749 and 0.828, respectively. Our comprehensive analysis
of physiological parameters (such as skin conductance) and perceptual data offers
valuable insights into physiological responses to various environmental conditions,
guiding landscape design and providing a path for enhancing and optimizing thermal
and visual comfort levels in outdoor landscapes.

Our study focused on visual-thermal comfort in a specific campus environment during
the summer. Future research should explore a broader range of physiological parameters
across different seasons to enhance our understanding of visual-thermal comfort in green
campus spaces. Additionally, considering the influence of climatic conditions, further
investigation is needed to explore the correlation between thermal and visual comfort in
diverse environmental contexts. Strengthening the analysis of physiological parameters
using larger sample sizes and controlled experimental conditions will improve the relia-
bility of our findings. This research contributes to designing comfortable and sustainable
outdoor spaces.
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