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Abstract: This study explores the effects of trees on the acoustic and thermal environment in addition
to people’s responses to trees in different contexts. Through field measurements conducted during the
summer of 2023 at the campus of the Southwest University of Science and Technology in Mianyang,
residents’ neutral points were locally found to be 52.2 dBA (acoustic) and 23.8 ◦C (thermal). Further,
at their maximum, the trees were able to reduce heat stress by 4 ◦C (indicated by the physiologically
equivalent temperature—PET) and the noise level by 10 dBA (indicated by the A-weighted sound
pressure—LAeq); this was achieved by trees with a crown diameter of 20 m. Subjective acoustic and
thermal responses varied depending on the context. Acoustically, their neutral LAeq values toward
the sounds of traffic, teaching, sports, and daily life were 46.9, 52.5, 51.0, and 52.7 dBA, respectively.
Thermally, pedestrians’ neutral PET values were 24.2, 26.1, 22.3, and 25.1 ◦C, respectively, under
the same conditions. These phenomena might be a consequence of the effects of sound frequencies.
Future urban forestry research should focus on planting for environmental quality improvement.

Keywords: outdoor thermal comfort; thermal; acoustic sensation; comfort vote; neutral temperature;
LAeq; trees

1. Introduction

A comfortable outdoor environment regulates people’s moods and has a positive
impact on mental health [1]. Poor environmental quality, in contrast, severely negatively
affects people’s lives [2]. This includes various physical factors [3], including thermal
and acoustic environments [4]. Extremely hot and/or noisy environments affect subjects
psychologically [5], physically [6], and perceptively [7]. Therefore, determining ways to
address these problems is crucial. Scholars have confirmed that vegetation significantly
affects heat [8] and sound pressure [9] mitigation.

The positive influences of vegetation (especially trees) are multifaceted. Trees reduce
the temperature of the surrounding area [10] through evapotranspiration, shade, and
heat radiation absorption or reflection [11]. Further, they regulate urban microclimates
to improve outdoor thermal comfort (OTC) [12]. Their positive effects can be expressed
as various thermal indices, including the air temperature (Ta) [13], the universal thermal
climate index (UTCI) [14], mean radiant temperature (MRT) [15], and physiologically
equivalent temperature (PET) [16]. This is also evidenced by the reduction in subjective
stress, i.e., the reduction in the thermal sensation vote (TSV) [8]. Additionally, their effects
on acoustic environments should not be ignored [17]; densely planted trees can mitigate
noise very effectively [18]. Moderately dense roadside vegetation reduces traffic noise
by 9–11 dBA [19]. The tree height, canopy size, and species affect the degree of noise
reduction [20], a fact that has been confirmed in thermal environment studies [21].

Subjects are sensitive to different stimuli and respond differently to variations in these
factors; standards have been proposed to evaluate these—ISO 7730 [22] and ASHRAE [23].
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Thermal and acoustic sensations are usually evaluated using the thermal sensation vote
(TSV) and acoustic sensation vote (ASV). They are usually linearly correlated with the
environment indices. For instance, increasing LAeq from 60 to 80 dBA causes an ASV
decline of about 0.8; the opposite trend is observed in the TSV [24]. This leads to neutral
points of around 70 dBA (acoustic) and 22 ◦C (thermal), which are points where respondents
are sensitive-free. The subjective responses also have mutual influences. People’s thermal
perceptions vary with noise levels. Zhen, et al. [25] found that in Xi’an during spring, when
the PET was 21 ◦C, people felt cold in the LAeq range of 45–50 dBA, yet their perception
was neutral if the environment was 5 dBA louder.

The adjustment effect of trees on the environmental quality and factors affecting
subjective perceptions has been broadly studied in recent years. The discoveries have
been helpful in improving the environment. Nevertheless, the discoveries have only
been partially investigated. Most earlier studies focused on one aspect of environmental
quality factors, e.g., thermal stress [26] and noise mitigation [27]; however, these should
be investigated in combination. This study attempted to investigate physical factors that
adjust the environment in multiple aspects. The entire study follows these steps:

• A well-forested area is found as the sample for investigating vegetation effects on
environment quality and subjective sensations towards them;

• A few points (sites) are chosen around the area with certain properties for field surveys
(measurement);

• The environmental qualities and physical characteristics of all selected points are
measured, and subjective responses towards the current environment quality are
collected through questionnaires;

• Data of various aspects are associated with each other to determine their interactive
statistical correlations;

• Proper strategies in urban planning and forestry are proposed for improving local
environment quality and subjective comfort levels.

2. Methodology
2.1. Study Area

This study was conducted in Mianyang (30◦ N, 103◦ E), northwest Sichuan, China.
It is the second largest city in Sichuan. According to the Köppen Climate Classification,
Mianyang is a city in the Cfa climate zone, which refers to a subtropical humid monsoon cli-
mate [28]. Summers are hot and rainy, while winters are dry and cold. The average monthly
temperatures throughout the year range from 0 ◦C to 18 ◦C, and the average temperature
of the hottest month exceeds 22 ◦C. The four seasons are significantly distinguishable
year-round [29]. Mianyang has experienced rapid economic development, but has also
experienced various environmental problems, such as increased noise pollution [30].

2.2. Site Selection

The environmental quality is defined by various parameters, including physical fac-
tors [31] and chemistry [32]. Poor acoustic [4] and thermal [33] environments are directly
and seriously affecting humans’ living quality, inducing physiological and psychological
stress. Their impacts are hard to control in outdoor spaces. Therefore, in this study, these
two aspects of environmental quality were selected for further analysis. This study con-
ducted field surveys at the campus of the Southwest University of Science and Technology
in China (SWUST). This campus was selected because a large number of students could
participate in the questionnaire. Further, these sites are significantly affected by poor
thermal and/or acoustic conditions (with various types of noise).
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The campus of SWUST comprises two zones—the West Zone (WZ) and the East Zone
(EZ). They differ in terms of landform and altitude, leading to different environmental
properties. Four sites in each zone were selected as samples, yielding a total of eight sites
(defined as A to H; Figures 1 and 2). They were selected considering (surrounding) land use,
including nearby expressways, student residences, education buildings, and sports fields.
This caused various acoustic backgrounds to be surveyed (traffic, education, campus life,
and sports). There were two nearby subpoints at each site measured simultaneously; one
was under a tree and the other was in an open space. They were defined as Subpoint 1 (open)
and Subpoint 2 (tree-canopied), respectively, as shown in Figures 1 and 2. Different acoustic
and thermal environments exist at each subpoint due to the effects of trees. Therefore,
pedestrians at Subpoints 1 and 2 would have different perceptions towards both sound
and heat.
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2.3. Environmental Quality Parameters

This study involved two aspects of environmental quality—acoustic and thermal
environments, which are defined as environmental quality in physics (EQP). There were a
vast number of indicators available; in this study, PET and LAeq were selected.

2.3.1. Thermal Environment

Thermal comfort is affected by a variety of climatic factors, including the air tempera-
ture (Ta), wind speed (Va), relative humidity (RH), globe temperature (Tg), etc. Meteoro-
logical sensors were used to collect these parameters, which can be used for mean radiant
temperature (MRT) calculation (Equation (1)) [34].

MRT =

[(
Tg + 273.15

)4
+

(
1.10 × 108v0.6)(Tg−Ta

)
∈ D0.4

]1/4

− 273.15 (1)

where Tg, Ta, and Va refer to the globe temperature (◦C), air temperature (◦C), and wind
speed (m/s); D and ε are the diameter of the globe (0.15 m) and the emissivity (0.95). The
calculated MRT is used to determine the physiologically equivalent temperature (PET)
in the RayMan model [35], which is frequently used as an OTC index [36]. The cooling
intensities of canopied sites were expressed by ∆PET, which is defined as the difference in
the PET between two nearby subpoints. Generally, the proportions of trees had an effect on
∆PET [37]. People were found to be sensitive to PET; an increase from 25 to 45 ◦C caused
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the TSV to increase from 0 to 3 [38]. Trees with larger crowns could reduce PET by around
10 ◦C (with a ∆PET of around 10 ◦C [39]).

2.3.2. Sound Environment

The acoustic environment significantly affects pedestrian comfort [1]. Noise could arise
due to industry, construction, traffic, and daily life [40]. Irregular vibrations and sounds
above a certain threshold act as noises affecting pedestrians’ perceptions in many aspects,
such as their psychology [41]. Sound is generally evaluated in terms of the sound pressure
level (decibel level, dB). The A-weighted equivalent continuous sound pressure level (LAeq
dBA [42]) is often used in this field, and can be calculated using Equation (2) [43].

LAeq = 10 log
1
T

∫ T

0

(
Pt

P0

)2
dt (2)

where LAeq is the A-weighted equivalent continual sound (dBA), T is the time at which a
particular sound is played (s), and Pt and P0 refer to the equivalent continual sound (dBA)
and the time at which a particular sound is played at the reference sound pressure (20 Pa),
respectively [25].

Additionally, the frequency of the sound also varies [44], and is a result of the prop-
erties of various sound sources. Each type of sound has a certain frequency range that
depends on the voicing resources. For simplicity, they are defined as high-, medium-,
and low-frequency sounds. They might lead to perceptions despite similar LAeq values,
which is explained in Figure 3.1-4 and Figure 3.1-5 in [45]. Usually, traffic noise is medium-
frequency [46], while daily living, sports, and conversations have lower frequencies [47].
Furthermore, materials can absorb or reflect sounds according to their own acoustic prop-
erties, evaluated by the acoustic absorption coefficient (AAC) [48], which varies with the
sound frequency [49]. Therefore, the effects of underlying surfaces (grass, concrete, asphalt
pavement, and plastic runway) could be determined, and are shown in Figures 1 and 2, and
Table 1. Previous studies have confirmed that subjective acoustic perceptions vary with
different noise types. This might result from variations in their frequencies. Vegetation was
found to have an effect, owing to acoustic absorption or reflection. Hence, sites canopied
by trees might be quieter. The sound reduction effects of trees were evaluated by the LAeq
differences (∆LAeq) between two nearby subpoints.

Table 1. The measurement dates and characteristics of all points.

Date Point Space
Characteristics Species of Tree Type of

Noise SVF (-) Albedo
(-)

Acoustic
Absorption

Coefficient (-)

1 July A1 Next to the school
building

Ligustrum lucidum
Ait. (evergreen
broad-leaved plant)

Teaching 0.53 0.2 0.02

1 July A2 A tree in the lawn Teaching 0.1 0.18 0.63

5 July B1 Next to the sports
field Paulownia tree

(deciduous tree)
Sports 0.11 0.25 0.36

5 July B2 A tree in the lawn Sports 0.09 0.25 0.36

6 July C1 Next to the
highway

Broussonetia
papyrifera
(deciduous tree)

Tran 0.4 0.2 0.02

6 July C2 A tree in the lawn Tran 0.23 0.2 0.02

7 July D1
Next to the
dormitory
building

Cinnamomum
camphora
(evergreen
broad-leaved plant)

Dormitory 0.17 0.2 0.02

7 July D2 A tree in the lawn Dormitory 0.02 0.18 0.63
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Table 1. Cont.

Date Point Space
Characteristics Species of Tree Type of

Noise SVF (-) Albedo
(-)

Acoustic
Absorption

Coefficient (-)

5 September E1 Next to the
highway

Metasequoia
(deciduous tree)

Teaching 0.57 0.1 0.65

5 September E2 A tree in the lawn Teaching 0.04 0.1 0.65

6 September F1 Next to the school
building

Bauhinia purpurea L.
(evergreen tree)

Tran 0.61 0.2 0.02

6 September F2 A tree in the lawn Tran 0.16 0.18 0.36

13 September G1 Next to the sports
field Gleditsia sinensis Lam

(deciduous tree)
Sports 0.14 0.25 0.36

13 September G2 A tree in the lawn Sports 0.04 0.18 0.63

14 September H1
Next to the
dormitory
building

Cinnamomum
camphora (evergreen
broad-leaved plant)

Dormitory 0.42 0.1 0.65

14 September H2 A tree in the lawn Dormitory 0.06 0.1 0.65

2.3.3. Physical Properties of Sites Affecting Environmental Quality

Trees provide up to 70% of cooling through shading [50]. They intercept short-wave
radiation from the sun by absorbing, reflecting, and transmitting through leaves [51].
In general, one layer of leaves can absorb 80% of visible radiation; the more layers of
leaves a tree has, the more solar radiation it can intercept [52]. Several factors affect
the cooling performances of trees. The tree crown diameter (TCD) and leaf area index
(LAI) are relatively cooling/acoustic-significant [21]. Therefore, this paper utilises them as
tree indicators.

Land surface cover affects the EQP in several ways. Thermally, materials were able to
absorb and reflect heat radiation, causing temperature changes. This phenomenon is evalu-
ated using albedo [53]. Sites with higher albedo conserve less heat, mitigating additional
temperature increases. Acoustically, surface materials adjust the EQP by absorbing and/or
reflecting sound, which is evaluated by AAC. Substances with higher AACs consume more
sound energy, relatively reducing sound pressure. This is a branch of building physics [54].

For sites canopied by trees, the openness was significantly correlated with the tree
crown size. Nevertheless, sample sites in this study had different land uses, such as
for compact teaching buildings and open sports fields. They have different obstructions
blocking the sky in addition to trees, causing variations. The sky view factor (SVF) was
used to compensate for this. The SVF refers to the visible ratio of the sky in the hemisphere
above the ground, ranging from 0 (fully canopied) to 1 (totally open). This parameter is
usually supportive of forestry and agriculture studies. Recently, it has been frequently
used in OTC studies. Values of SVF can be calculated via the WinSCANOPY [55] software
(version 2017a), as shown in Table 1. In addition to summarising the SVF values, Table 1
also includes the albedo and absorption coefficients corresponding to each measurement
point. A material surface with a higher albedo lead to lower temperatures [56]. Further,
there might be differences in the SVF between the two calculated subpoints shown in
Figure 3. SVF also has a significant impact on environmental quality and comfort, such as
the OTC [57].
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2.4. Field Measurement

The field measurements were carried out on sunny summer days (late July and early
September 2023). August was avoided since very few students stayed on campus during
the summer vacation. Two subpoints were measured each day. The measuring time was
from 9:00 to 20:00 every day. The instruments were installed referencing the ASHRAE [23]
and ISO 7730 [22] (the instrument was aimed at the subject’s head, 1.5 m above the ground
and data were collected every 1 m). EQP parameters collected thermally included Ta, RH,
wind speed (Va), and globe temperature (Tg), and those collected acoustically included
the A-weighted sound pressure level (LAeq). The tree crown diameter (TCD) [21] was
measured with a tape measure. The sensor properties of the instruments are shown in
Table 2.

Table 2. Properties of all sensors [1,58].

Instrument Parameters Range Precision

Testo 480

Air temperature 0–50 ◦C ±0.5 ◦C
Relative humidity 0–100% ±(1.8% RH + 0.7%)
Globe temperature 0–120 ◦C ±(0.3 + 0.1%)
Air velocity 0–20 m/s ±(0.03 + 0.5%)

AWA5688 A-weighted sound
pressure level 28–133 dBA /

Subjects responded differently to various EQPs. Questionnaires were administered
simultaneously during measurement. Subjective data about current sensations and the
factors that influenced them were collected. People’s sensations towards the environments
included the thermal sensation vote (TSV), acoustic sensation vote (ASV), and acoustic
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comfort vote (ACV). This study used a 7-point scale to assess thermal and acoustic comfort
votes [23] and a 5-point scale to assess sound comfort [59]. In addition to the environ-
ment, gender, height, weight, age, clothing, and activity were all perceptively influential.
Respondents wearing insulations and working loads were defined as ‘clo’ and ‘met’ [60].
They were all considered in the questionnaire, as shown in Box 1 [61]. The fieldwork
was conducted on campus, so the volunteers were mostly college students. A total of
1372 questionnaires were collected.

Box 1. Questionnaire survey.

1. What is your current location?

A1 A2; B1 B2; C1 C2; D1 D2; E1 E2; F1 F2; G1 G2; H1 H2;

2. What is current time?

: ; dd mm yyyy

3. What are you wearing currently?

0.3 clo, Short trousers and short (T-)shirt/skirt; 0.5 clo, Long trousers and short (T-)shirt;

0.8 clo, Long trousers and thin coat; 1.0 clo, Long trousers and thick coat;

4. Please tell your gender.

M/F

5. Please tell your body conditions and age

Weight: Height: age:

6. What was your activity condition 10 min ago?

1.0 Steady sitting; 1.4 Steady standing; 2.2 Slightly walking;

3.0 Fast walking; 8.0 Running / Strong sports

1. What is your current thermal perception (TSV)?

−3 Cold; −2 Cool; −1 Slightly cool; 0 Neutral; 1 Slightly warm; 2 Warm; 3 Hot;
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2.5. Data Analysis

A few statistical models (multiple linear regression—MLR—and artificial neural
network—ANN) were used in this study.

MLR [62] was used to predict the linear correlation between a dependent variable
and one or more independent variables, and the correlation data were analysed and
processed. People’s perceptions were found to be influenced by the EQP, and the EQP
parameters were defined as the independent variables. Responses towards them (TSV,
etc.) were the dependent variables. This process was viable to determine people’s neutral
temperatures (NTs) and neutral A-weighted sound pressure levels (NLAeq), which implies
their thermal/acoustic free points. Their preferred sound conditions (PLAeq) were from
ACV. Linear or polynomial regression models were used, depending on practical conditions.
A more significant correlation should be selected.

ANN models were used to determine the effects of multiple factors against EQP [63].
There was a broad spectrum of physical factors that influenced EQP. This study utilised
cooling and noise mitigation intensities, which are evaluated through ∆PET and ∆LAeq.
The adjustment degrees of EQP indicators (∆PET and ∆LAeq) were calculated using the
daily mean values (Subpoint 1 minus Subpoint 2). In the ANN model, the relative and
normalised importance (NI) of each variable was reported, and the total importance value
of all the variables was summed, yielding a value of 1. The whole model can be divided
into three parts—the input layer, the hidden layer, and the output layer [64]. The input
layer transmits the data to the hidden layer, which processes the data to determine the
final output values. This study analysed ∆PET and ∆LAeq using two different ANN
models, each of which has different neurons in the hidden layer, including TCD, ∆SVF,
∆Albedo, and ∆AAC. Factors with higher relative importance are more EQP-adjustable.
Additionally, a validation test was required to determine the significances of the models.
This was processed by associating the original data with that predicted by ANN models
via linear regression independently. Further, the factor with the highest NI value would be
further analysed through linear regression. This helped determine the change trends and
intensities towards the influencing factor(s).

3. Results
3.1. Data Description
3.1.1. Thermal Comfort Index Ranges of All Subpoints

Figure 4 illustrates the daily ranges of PET at all sites. Generally, the PET ranges
differed; more noticeable ranges were witnessed at Subpoint 1. Subpoint 1 was warmer
than Subpoint 2 at each site. High cooling intensities of trees were found at Sites B, D,
and G. PET at Subpoints 1 was higher by approximately 7 ◦C (B), 10 ◦C (D), and 13 ◦C (G)
on average.
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3.1.2. LAeq Ranges of All Subpoints

In comparison to PET, LAeq slightly differed between two nearby subpoints, although
Subpoint 1 usually had higher values (Figure 5). Sites C and E were the loudest among
all in the WZ and EZ, respectively, with maximums at 83 (C1), 75 (C2), 79 (E1), and 76
(E2) dBA. More considerable variation was witnessed at Site C. In addition, a remarkably
louder Subpoint 1 emerged at Site D as well, despite it generally being quiet (57 dBA at D1
and 53 dBA at D2, on average). Moreover, the mean values of both F1 and F2 were close to
54 dBA, with insignificant variation. The noise levels of all points varied insignificantly.
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3.2. Multiple Analyses for Physical Factors Affecting Environmental Qualities
3.2.1. Artificial Neural Network Models for ∆PET and ∆LAeq

The ∆PET values of all sites were associated with possible physical factors by ANN
models, as shown in Table 3. They were crucially correlated (R2 = 0.72 and sig. = 0.00
in reliability tests). It can be seen that TCD had the most essential effects, with an NI of
100%. Additionally, the albedo difference was also significantly influential (NI = 91.7%).
The ∆SVF was only slightly impactive.

Table 3. Analysis results using the ANN model between ∆PET and impacting factors.

Dependent Variable
∆PET ∆PET

Importance Normalised Importance

TCD 0.465 100%
∆SVF 0.109 23.5%
∆Albedo 0.426 91.7%
Validation test y = 0.70247x + 0.95426 R² = 0.72015, Sig. = 0.000

Factors relating to sounds were analysed. Their statistical correlation was valid
(R2 = 0.53 and sig. = 0.00 in the reliability test), as shown in Table 4. Trees still played
the most significant role in noise decline (NI = 100%). The rest of the factors were similar
(NI = around 40%).
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Table 4. Analysis results using the ANN model between ∆LAeq and impacting factors.

Dependent Variable
∆LAeq ∆LAeq

Importance Normalised Importance

TCD 0.546 100%
∆SVF 0.225 41.4%
∆Acoustic absorption
coefficient 0.229 41.7%

Validation test y = 0.51044x + 2.08533 R² = 0.52982, Sig. = 0.000

3.2.2. Linear/Polynomial Effects of Significant Factors

According to the results of the ANN model, TCD has a significant correlation with
∆PET and ∆LAeq. They were further analysed in regression models, and their correlations
are shown in Figure 6. Positive correlations between TCD and ∆PET and ∆LAeq (R² = 0.53)
can be found. With larger crowns, the effect of sound level reduction is still clear, yet the
effect is not as strong as it is between no trees and small crowns. For every 20 m increase in
TCD, ∆PET decreased by 3.3 ◦C and ∆LAeq decreased by 7.2 dBA. It can be concluded that
trees play an important role in outdoor cooling and noise reduction.
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3.3. General Data Analyses

Figure 7 illustrates the correlations between PET and TSV in various scopes (WZ, EZ,
and the whole area). Polynomial regressions were applied as more significant correlations.
They showed significant (R2 = 0.67, 0.54, and 0.60) positive correlations. They output NTs
of 24.1 ◦C (WZ), 22.3 ◦C (EZ), and 23.8 ◦C (overall). The thermal response at the WZ and
EZ was slightly different, which might result from the differences in the physical conditions
between the two zones.

The soundscape has significant impacts on people’s perceptions and comforts. Peo-
ple were highly sensitive to the acoustic environment, and changes in the LAeq caused
variations in perception. ASV and ACV were used to analyse the correlation with LAeq,
as shown in Figure 8. The results showed that ASV and ACV were negatively correlated
to LAeq (R² = 0.72 and 0.71, respectively). In addition, similar phenomena were found in
the ASV and ACV models in the West and East regions (R² = 0.7 in the WZ and R² = 0.77
and 0.76 in the EZ). Respondents felt good neutrality at a sound pressure of approximately
52.2 dBA, with slightly different comfort values (53.3 dBA in the WZ and 50.9 dBA in the
EZ). Further, respondents’ preference for NLAeq was 53.7 dBA (54.8 dBA and 52.4 dBA).
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3.4. Thermal and Acoustic Responses towards Various Acoustic Conditions
3.4.1. Correlation between LAeq and TSV in Different Voice Types

Noise caused irritation for subjects, which led to emotional variation [65]. Therefore,
noises of different types caused various subjective feelings, including thermal perceptions.
Thermal responses were associated with the index under different noise contexts through
polynomial regressions for the combination of two zones, as shown in Figure 9. They
exhibited significantly positive correlations (R² > 0.5) under different noise backgrounds.
This caused various NTs—26.1 ◦C (teaching), 25.1 ◦C (daily life), 22.3 ◦C (sports), and
24.2 ◦C (traffic). Students were mostly thermal tolerant towards the noise of education,
whereas they were less tolerant to that of sports and traffic.

Acoustics 2024, 6, FOR PEER REVIEW  14 
 

 

3.4. Thermal and Acoustic Responses towards Various Acoustic Conditions 
3.4.1. Correlation between LAeq and TSV in Different Voice Types 

Noise caused irritation for subjects, which led to emotional variation [65]. Therefore, 
noises of different types caused various subjective feelings, including thermal perceptions. 
Thermal responses were associated with the index under different noise contexts through 
polynomial regressions for the combination of two zones, as shown in Figure 9. They ex-
hibited significantly positive correlations (R² > 0.5) under different noise backgrounds. 
This caused various NTs—26.1 °C (teaching), 25.1 °C (daily life), 22.3 °C (sports), and 24.2 
°C (traffic). Students were mostly thermal tolerant towards the noise of education, 
whereas they were less tolerant to that of sports and traffic. 

 
Figure 9. Polynomial correlations between TSV and PET under various types of noises for the whole 
campus. 

The two zones were analysed separately for further exploration. Figure 10 (WZ) and 
Figure 11 (EZ) show their polynomial correlations. Generally, they had similar trends to 
the entire campus. NTs with different noisy backgrounds in the WZ were 25.8 °C (teach-
ing), 24.0 °C (daily life), 22.5 °C (sports), and 22 °C (traffic). In contrast, those in the EZ 
were 25.6 °C (teaching), 24.2 °C (daily life), 25.3 °C (sports), and 22.7 °C (traffic). The values 
in the two zones differed slightly. Yet, they presented similar overall trends with the entire 
campus data. 

Figure 9. Polynomial correlations between TSV and PET under various types of noises for the
whole campus.

The two zones were analysed separately for further exploration. Figure 10 (WZ) and
Figure 11 (EZ) show their polynomial correlations. Generally, they had similar trends to the
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entire campus. NTs with different noisy backgrounds in the WZ were 25.8 ◦C (teaching),
24.0 ◦C (daily life), 22.5 ◦C (sports), and 22 ◦C (traffic). In contrast, those in the EZ were
25.6 ◦C (teaching), 24.2 ◦C (daily life), 25.3 ◦C (sports), and 22.7 ◦C (traffic). The values in
the two zones differed slightly. Yet, they presented similar overall trends with the entire
campus data.
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3.4.2. Correlation between LAeq and ASV in Different Voice Types

People had different sensitivities to sounds of various types. This could be verified
by their variation in NLAeq in different acoustic contexts. ASV was regressed with LAeq
in various noise types for the entire campus, which is reflected in Figure 12. They were
evidently negatively correlated, yielding an NLAeq of 52.5 (teaching; R2 = 0.77), 52.7 (daily
life; R2 = 0.87), 51.0 (sports; R2 = 0.82), and 46.9 dBA (traffic; R2 = 0.78). Participants were
adaptive with noises of domestic life but less accepting to that of traffic (reflected in the
values of NLAeq).
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Data in the two zones were analysed independently for more detailed exploration, as
shown in Figures 13 and 14. They insignificantly differed from the results in Figure 12. The
NLAeq values towards teaching (53.5 at WZ, and 52.1 dBA at EZ), daily life (52.9 dBA at
WZ, and 52.1 dBA at EZ), sports (52.1 at WZ dBA, and 49.0 dBA at EZ), and traffic (47.7 at
WZ dBA, and 46.1 dBA at EZ) were exported. Although slightly varied, volunteers were
still the least accepting of traffic noises.
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3.4.3. Correlation between LAeq and ACV in Different Voice Types

Soundscapes cause comfortable feelings. This could be evaluated by the ACV, yielding
Figure 15 through linear regression. Residents’ preferred LAeq (PLAeq) values were 53.4
(teaching), 53.3 (daily life), 53.1 (sports), and 51.7 dBA (traffic) for the whole campus.
The PLAeq values were relatively low against traffic noises, while the other three were
insignificantly different.

Similar to thermal responses, thermal comforts were associated with LAeq in each
zone separately, as shown in Figures 16 and 17. Subjective preferred LAeq values under
acoustic types were 56.7 and 54.5 dBA (teaching), 53.8 and 52.8 dBA (daily life), 54.6 and
51.4 dBA (sports), and 53.3 and 51.2 dBA (traffic), respectively. In comparison to results
for the whole campus, they differed to some degree, yet traffic noise contributed to the
lowest PLAeq value. Higher values were seen in the WZ. This might result from variations
in the physical environment. The PLAeq was slightly higher or lower than the NLAeq
at any scope. This reflects the differences in residents’ perceptions of the soundscape.
Nevertheless, they exhibited similar variations with the NLAeq. The traffic caused the
lowest values as well.
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3.5. Trees Meeting People’s Needs

Sections 3.1 and 3.2 showed the important roles of trees in cooling and noise reduction.
By comparing the point under shade and the point without shade, the values of the PET
range and the LAeq range of the two points were found to differ quite significantly, and
the values of the PET range and the LAeq range of the two points were significantly lower
than those of the non-shaded points. Through neural network analysis, it can be seen that
TCD has the greatest influence among the selected physical influencing factors. The canopy
reduces the PET value by shading the sun. The sound absorption effect of the tree canopy
is used to reduce noise and improve the outdoor thermal comfort. Therefore, planting and
greening should be reasonably planned to create a comfortable outdoor environment.

The effects of physical factors on EQP adjustments and subjects’ responses towards
them have been discussed above. Certain environmental qualities can be estimated using
the factors. Integrating pedestrians’ responses into the practically generated EQP conditions
might more accurately evaluate their improvement performances. Figures 4 and 5 illustrate
the scopes of the two indices. A better environment was created by trees, which presents as
lower values of the indices. There were several trees resulting in a PET below 25 ◦C, with
a few of them as low as 20 ◦C (B, D, H, etc.). They were able to yield thermal conditions
that meet people’s needs (NPET = 23.8 ◦C) to some extent. Nevertheless, PET values were
close to individual thermal preferences very infrequently during the hot season. In fact,
the mean values of PET under trees were mostly above 25 ◦C, which is relatively warm.
Relatively cool environments were witnessed at Points E and G only as a result of their
wider crowns. Therefore, it is difficult to determine good thermal environments through
trees only in the summer. Trees with crown widths of 20 m in this study could sometimes
achieve that. Other factors should be considered to create thermal comfort. Acoustically,
the LAeq of all samples varied significantly. This resulted from the variation in functions in
different sites. Their acoustic environments were more significantly affected by site uses,
rather than trees. Trees were able to achieve partial reduction, although a lower value was
measured at other sites.
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4. Discussion

This study has explored the effects of different environmental quality factors on
acoustic and thermal comfort. Due to the differing environmental qualities and different
types of noise, the acoustic thermal responses also differed. Further, the individual thermal
susceptibility varied with the noise intensity.

Figure 6 expresses that areas canopied by trees were cooler than their nearby open
subpoints, as indicated by PET. A similar phenomenon was also found by Zhang, et al. [66].
Generally, the cooling effects of trees are well understood [67]. They had an effect on the
factors of temperature [68], radiation [69], and wind [70]. This could be explained by the
physical [11] and biological [69] impacts—trees generate shade for covered sites, which are
cooler than those in the sunshine [10]. In addition, the transpiration effects of trees [71]
absorb atmospheric heat (photosynthesis [72]) and generate water molecules (evapora-
tion [73]) in the air. These two processes can mitigate heat radiation and increase the RH.
Trees with larger crowns can create more and/or solid shade, reducing the temperature
more significantly [21]. Meanwhile, larger crowns have larger leaves, and generate more
efficient biological effects [74], reducing the temperature better. The findings of this study
reflect these principles.

Sound could be reduced by the friction and resistance of air molecules [75]. This
phenomenon is more significant in enclosed and small spaces [76]. There were various
processes that reduced tree sounds resulting from leaves [77] and tree trunks [78]. The
reduction intensities were positively correlated with the space sizes and quantities [45].
There were gaps between leaves and branches in the crowns. The noises are transmitted
into the open spaces between the gaps, transforming into energy. Further, there are more
and larger gaps among trees with larger crowns (20 m). The crowns of larger sizes bear
more leaves, leading to stronger air resistance [79]. Further, trees were able to mitigate noise
from either point or line sources [80]. The results of this study echoed the findings of Zhao,
Prieur, Liu, Kneeshaw, Lapointe, Paquette, Zinszer, Dupras, Villeneuve, Rainham, Lavigne,
Chen, van den Bosch, Oiamo and Smargiassi [17]. Nevertheless, trees are insignificantly
sound-mitigatable, and the LAeq values between the nearby subpoints varied slightly
(Figure 5). Consequently, trees had a limited capacity to reduce noise [78].

Human responses towards thermal and acoustic environments were explored in this
study. They were evaluated at neutral points, which have previously been investigated in
other cities (Table 5). The NPET and NLAeq values found in this study were close to some
of those values. That is, people have similar responses towards the environment, even in
different areas.

Table 5. Comparison of NPET and NLAeq in summer in different cities.

City Local Climate
Classification

Summer NPET
(◦C) Summer NLAeq (dBA)

Xi’an Cwa \ 68.6 (seniors) Bai and Jin [81]

Leuven Cfb \
50–55 dBA (pleasant);
60–66 dBA were just
acceptable

Rychtáriková, et al. [82]

Madrid BSk \ >55 Baquero Larriva and
Higueras [83]

Beer Sheva BSh 22.8 \ Cohen, et al. [84]
Shiraz BSk 27.1 \ Abdollahzadeh, et al. [85]
Tempe, Arizona BWh 26.3 \ Middel, et al. [86]
Mianyang Cfa 23.8 52.2 This study

Noises of different types have different impacts on human hearing organs. This may
result from the variation in voice (shaking) frequencies [47]. Various frequent shakes
impact people’s ears differently. As a result, they have different tolerances towards noises
of different frequencies. Hence, they were perceptively different, expressed by neutral
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points towards the LAeq (e.g., Figure 10). Different thermal responses were also found
(various NPETs in different soundscapes; Figure 12). People’s lowest NTs emerged under
the background of traffic flow [87]. The traffic was defined as high-frequency voices [47].
This was also expressed in the noise levels [31]. In fact, the noises were all confirmed to
have an influence on thermal perceptions. Impactive voices will also cause poor thermal
comfort. The findings herein confirm these principles.

Plants regulate the air temperature to improve outdoor thermal comfort conditions [14]
through heat absorption, shade, and evaporation [88]. The noise intensity is reduced
through the scattering of sound waves and the absorption of leaves [89]. Therefore, plant-
ing and greening should be reasonably planned to improve the design of the outdoor
environment. However, this study has certain limitations. There was little comprehensive
effect on the multiple design factors of the environment in the experiment, which had a
certain impact on the results. Furthermore, some important parameters (such as the sound
frequency [44]) were from online resources, rather than on-site sensing. This might be the
reason for the poor accuracy of non-linear models for NLAeq calculations. Therefore, in
future studies, technological improvements should be made.

Future studies could be improved through various aspects, as follows: (1) there should
be instruments to survey values of sound frequency instead of acquiring data from online
resources; (2) as a result, human thermal perceptions should be analysed under the context
of various-frequency noises; (3) further, the sound absorption effects of trees should be
explored for different sound frequency types; and (4) although the sound reduction effects
of vegetation were broadly proved, other parameters affect the decrease intensity, such as
the areas and/or density, which should be considered in the future.

5. Conclusions

This study explores the acoustic and thermal responses of the environment with trees
under different environmental factors and different background sounds. The results are
expressed through a response to the factors. Some of the important findings are listed
as follows.

• The PET and LAeq values in the shade of trees were lower than those in open space,
and TCD was the most important environmental factor affecting ∆PET and ∆LAeq;
the decrease in PET and LAeq was stronger with increases in the TCD.

• The average outdoor neutral temperature of Mianyang in summer is 23.8, the neutral
sound is about 52.2, and the preferred sound is 53.7.

• Under different background sounds, the lowest NPET was 24.2 ◦C for traffic and
sports, and the lowest NLAeq and preferred sound for traffic were 46.9 dBA and
51.7 dBA, respectively.

• Trees have a strong cooling and noise-reduction effect, which is crucial for daily living.

Trees affect the EQP acoustically and thermally although it is difficult to achieve
people’s comfort scopes. They can be used as key planning factors for improving urban
EQP. The findings of this study validate methods to improve the EQP.
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Abbreviations

OTC outdoor thermal comfort
EQP environmental quality in physics
NT(s) neutral temperature(s) (◦C)
SWUST Southwest University of Science and Technology
A/TSV acoustic/thermal sensation vote [-]
ACV acoustic comfort vote [-]
PET physiologically equivalent temperature (◦C)
NPET neutral physiologically equivalent temperature (◦C)
LAeq A-weighted equivalent continuous sound pressure level (dBA)
NLAeq neutral A-weighted equivalent continuous sound pressure level (dBA)
PLAeq preferred A-weight equivalent continuous sound pressure level (dBA)
Ta air temperature (◦C)
Tg globe temperature (◦C)
Va air velocity (m/s)
MRT mean radiant temperature (◦C)
MLR multiple linear regression [-]
RH relative humidity (%)
SVF sky view factor [-]
W/EZ West/East Zone
TCD tree crown diameter (m)
AAC acoustic absorption coefficient [-]
NI normalised importance (%)
ANN artificial neural network
LAI leaf area index
UTCI universal thermal climate index (◦C)
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