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Abstract: The goal of this study is to investigate the psychophysiological effects of traffic sounds in
urban green spaces. In a laboratory experiment, psychological and physiological responses to four
traffic sounds were measured, including road, conventional train, high-speed train, and tram. The
findings demonstrated that traffic sounds had significant detrimental psychological and physiological
effects. In terms of psychological responses, the peak sound level outperformed the equivalent sound
level in determining the psychological impact of traffic sounds. The physiological effects of traffic
sounds were shown to be significantly influenced by sound type and sound level. The physiological
response to the high-speed train sound differed significantly from the other three traffic sounds. The
physiological effects of road traffic sounds were found to be unrelated to the sound level. On the
contrary, as for the railway sounds, the change in sound level was observed to have a significant
impact on the participants” physiological indicators.

Keywords: road traffic noise; railway noise; electrodermal activity; heart rate; soundscape; acoustic
comfort; Beijing

1. Introduction

Urban green spaces provide flora and fauna for cities [1,2], offering important spaces
for relaxation, recreation, social interaction, and sports [3,4]. There is accumulating research
indicating that the acoustic environment plays a key role as a component of a positive
visitor experience in urban green areas [5-7]. The concept of soundscape, defined by the
International Organization for Standardization as the “acoustic environment as perceived
or experienced and/or understood by a person or people, in context”, has been widely
used to investigate the interaction between the acoustic environment and people in urban
green spaces [8,9].

The sound source has been proven to be the dominant factor that decides how people
understand and respond to the soundscape [10-12]. Numerous studies have been carried
out to investigate how individual sound sources affect the perception of green space
soundscapes. In field measurement and a questionnaire survey, Bani and Paulo found that
traffic sound was the most influential sound source in urban parks [13]. Similar results were
also reported in Europe, where traffic sound was identified as the dominant component of
the green space soundscape [14-16]. Compared with other sound sources, traffic sounds
were found to be the least preferred but to have a dominant position in terms of perceived
occurrences or loudness [16]. The annoyance caused by traffic sounds further led to a
strong impact on the perception of the overall environment, which increased with the
sound level [17]. To achieve a good soundscape quality in green spaces, a limit of 50 dBA
was suggested by Nilsson et al. [5]. In addition to the perceived environmental quality,
increasing evidence has proven that traffic sounds could also have significant negative
effects on recreational activities, restorativeness, and stress recovery [18]. By combining the
sound level and the visual contextual features, the TRPT (Tranquility Rating Prediction Tool)
was suggested to be efficient in predicting the relaxation effect of urban green spaces [19].
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Besides perceptual attributes, exposure to traffic noise has been linked to an increased
risk of negative health outcomes [20-25]. Various physiological indicators have been
proposed to measure the physiological effects of traffic sounds. Through laboratory ex-
periments, Reinhard et al. revealed that road traffic noise led to higher heart rate (HR)
compared to neutral phases [26]. Meanwhile, Basner et al. found this phenomenon was
similar for air, road, and rail traffic sounds and that the increase in traffic sound level could
cause significant increases in electroencephalographic (EEG) and heart rate (HR) indicators
in indoor soundscapes [27]. Through a field survey, Lee et al. further revealed the positive
correlation between blood pressure (BP) and traffic noise exposure [28]. Besides, Li et al.
found that traffic sound exposure was related to many physiological indicators, including
HR, R-wave amplitude, respiration rate (RR), and skin conductance level (SCL) [29].

In the field of urban soundscape research, physiological responses have drawn in-
creasing attention recently in investigating the potential effect of traffic sounds on the
overall soundscape [30]. By comparing the physiological effects of various sound elements,
Hume and Ahtamad found significant correlations between physiological indicators and
perceptual attributes [31]. A more pleasant sound source led to a lower HR and a higher
RR, and the traffic sound clip was voted to be the most unpleasant sound. Using functional
magnetic resonance imaging, Irwin et al. identified that an unpleasant sound engaged
an additional neural circuit including the right amygdala [32]. Besides, the road traffic
noise was found to have a significant negative effect on the SCL recovery when compared
with the natural sound [33]. Meanwhile, a significant interaction effect of traffic sounds
and bird sounds on the SCL in a mixed soundscape was found by Suko et al. [34]. The
presence of traffic sounds in a natural soundscape was found to be associated with an
increase in SCL. In addition, significant audio-visual interactions of traffic sounds in urban
soundscapes were found by Li et al. [35], which indicated that the physiological effects
of traffic sound varied in different urban contexts. Focusing on the urban green space
soundscape, Matilda et al. found that sound stimuli had a strong impact on physiological
responses, including cortisol, sympathetic T-wave amplitude, HR, and HRV [36]. Focusing
on children, Shu et al. found that noises produced less physiological restorativeness (EDA)
compared with natural sounds [37]. In an in-site experiment, Li et al. also found that sound
type had a significant effect on physiological responses in mountainous urban parks. A
less remarkable restorative EEG rhythm was found at the traffic-sound-dominant site than
at the birdsong-dominant site [38].

Collectively, the negative psychophysiological effects of traffic sound on urban green
space soundscapes were outlined by the above studies. However, a simultaneous investiga-
tion of the sound type and the sound level was not detailed, to the authors” knowledge.
Furthermore, most existing literature focused on road traffic sounds, with little attention
paid to rail traffic sounds. However, rail traffic sound is the second most dominant traffic
noise, which was found to be significantly different from road traffic sound in not only the
physical characteristics but also in the impact on people [39,40].

Therefore, the aim of this study was to reveal the psychophysiological impacts of
road traffic and rail traffic sounds on the urban green space soundscape via laboratory
experiments, addressing the following questions:

(@) Are there differences between different traffic sounds in the psychophysiological
impact on the green space soundscape?

(b) What is the relationship between the sound level and the psychophysiological re-
sponses? Does it vary in different traffic groups?

(c) Are there correlations between psychological responses and physiological responses
when exposed to traffic sounds?

To answer such questions, four traffic sound sources (road, conventional train, high-
speed train, and tram) at three different sound levels (45, 55, and 65 dBA) were used as
experiment stimuli in this study. Specifically, there were two sessions for each acoustic
stimulus. First, EDA and HR were measured to investigate the physiological impact of
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traffic sounds. Second, four perceptual attributes were measured to assess the psychological
response to each sound stimulus.

2. Methodology
2.1. Participants

Thirty subjects participated in the experiment, including 15 males and 15 females. All
subjects were university students (ages from 18 to 24, mean age = 20.3). The participants
were recruited via social media and snowball sampling in Beijing Jiaotong University, and
they voluntarily participated in the experiment. All of the participants reported normal
hearing and corrected vision. None of them were taking prescription medication. All of the
participants were informed about the aim and protocol of the experiment.

2.2. Experiment Stimuli

The experiment was carried out in an experiment chamber with a controlled physical
environment (temperature = 21-23 °C; background sound level < 25 dBA). Virtual reality
(VR) equipment was used to present a complete and realistic visual environment of an
urban green space. As shown in Figure 1, an omnidirectional image was captured in a
real-world urban park and displayed on a head-mounted display system (HTC VIVE Pro
EYE; Resolution: 2880 x 1600; Refresh rate: 90 Hz).

Figure 1. The panoramic view of an urban green space.

Four traffic sounds were considered in this study, including road traffic, conventional
train, high-speed train, and tram. The four traffic sounds were selected for the following
reasons: (1) they are very common urban traffic sounds that are frequently considered in
relevant studies [41-44], and (2) they have been reported to have different influences on
subjective evaluation and may have potential differences in psychophysiological effects [28].

Field recordings were collected to extract the experiment stimuli in Beijing, China.
The traffic sounds were recorded in a single channel by a sound meter (6228+, Aihua,
Hangzhou, China) together with the measurement. To avoid the influences of surrounding
environmental sounds, all recording sites were selected in quiet areas (background sound
level < 45 dBA). Figure 2 shows the site and implementation of sound recording collection.
For each site, recordings were conducted in positions close to the traffic lines (5 to 15 m).
The sound meter was placed 1.25 m above the ground and at least 5 m away from the
surrounding building facade. The sound recording for each site was conducted on two
days (from 8 a.m. to 8 p.m.), including a weekday and a weekend in November 2021. All
sound recordings were then manually rechecked to find a clear traffic sound clip to make
the experiment stimuli.
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Figure 2. Site and implementation of field recording.

As shown in Figure 3, there were noticeable differences in temporal characteristics be-
tween traffic sounds, though the spectral characteristics were rather similar. The road traffic
sounds were mainly continuous and steady, while the railway sounds were intermittent
and fluctuating. Because of the limitations of physiological measurement, a two-minute
stimulus was needed for each traffic sound group. For road traffic sound, a continuous field
recording collected near a city highway was used. For each rail traffic sound, a one-minute
clip that contained one train passing by was extracted and then repeated to produce the

two-minute experimental stimuli.
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Figure 3. Spectral and temporal characteristics of four traffic noises, including road traffic (R),

conventional train (C), high-speed train (H), and tram (T).

The sound stimuli were reproduced in the laboratory through the combination of
a computer, a power amplifier, and a reference class headphone (Sennheiser 650HD,
Sennheiser, Germany). The single-channel signals were first copied to produce the dual-
channel stimuli. A sound level normalization was then conducted to produce the formal
experiment stimuli. Four traffic sound clips were normalized to three sound levels, includ-
ing 45, 55, and 65 dBA (L Aeq 2 min). To calibrate the sound levels, a sound level meter
(6228+, Aihua, Hangzhou, China) was placed 1 cm away from the headphone, which was in
position on a participant’s ear during the experiment. Then, the sound level calibration was
conducted for each channel separately by the Cooledit software (Version 2.0, Syntrillium

Software Corporation, Phoenix, AZ, USA).

In addition to traffic sounds, a two-minute silence clip was also used in the experiment
as the control stimulus to conduct the baseline measurement. Altogether, there were

13 sound stimuli in the experiment.
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2.3. Measures

In this study, two of the most widely used physiological parameters were used:
electrodermal activity (EDA) and heart rate (HR), which have been proven to be effective
in evaluating the physiological impact of acoustic stimuli [30,37,45,46]. To achieve the
simultaneous measurement, the finger electrode method and the photoplethysmography
method were used for EDA and HR measurement, respectively. During the experiment,
two electrodes (HKR-11, range: 100 to 2500 k(); accuracy: 2.5 k(); sample frequency: 50 Hz)
were attached to the subject’s index and middle fingers of the non-dominant hand to record
EDA signals. A photoplethysmography (PPG) sensor (HKG-07, measuring range: 30 to
250 bpm; accuracy: 1 bpm; sample frequency: 16 Hz) was attached to the ring finger
to measure the HR index [45]. It is suggested that data processing is necessary because
the physiological parameters strongly depend on personal characteristics and exposure
time [37,46]. The original physiological data were first divided into 20 s segments in this
study to reveal the temporal variations. Then, the mean value of each 20 s segment under
traffic sounds was compared with the baseline level (2 min silence) to remove the effect of
individual differences. Therefore, the change percentages of the physiological parameters
were used in further analyses [37,46].

A questionnaire was presented in the VR scene after each sound stimulus for the
perceptual evaluation of the green space soundscape, as shown in Figure A1 (Appendix A).
Four perceptual attributes, including annoyance, comfort, arousal, and pleasantness, were
used to measure the psychological responses to traffic sounds in a green space soundscape.
Noise annoyance and acoustic comfort are the most widely used perceptual attributes
in relevant research for evaluating the impact of traffic sounds and the soundscape qual-
ity, respectively. A five-point verbal scale was used with the verbal marks: (1) “not
annoyed at all/very uncomfortable”; (2) “slightly annoyed /uncomfortable”; (3) “moder-
ately annoyed/neither comfortable nor comfortable”; (4) “very annoyed/comfortable”;
and (5) “extremely annoyed/very comfortable” [10,47]. In addition, the Self-Assessment
Manikin (SAM) was also used to assess the evoked state associated with experiencing sound
stimuli [48,49]. As suggested by Hume [31], a 9-point numerical scale was used in this
study for the SAM measurement with descriptions from (1) no arousal at all /completely
unpleasant to (9) complete arousal/completely pleasant.

2.4. Experimental Procedure

As shown in Figure 4, the experiment was generally divided into two sessions: (1) an
adaptation session and (2) a measurement session. In the first 10 min, the participants came
into the laboratory to adapt to the experiment environment while the informed consent
was read and signed. Then, the VR equipment was put on to adapt to the VR scene for
4 min. During this adaptation session, the physiological sensors were attached, and a
practice session for psychological and physiological measurement was conducted. Then,
the participants were asked to rest for 1 min with their eyes closed to remove the impact
caused by the practice session.

In the measurement session, a silent clip was first used to conduct the baseline mea-
surement. Then, 12 traffic sound stimuli were presented in a random order for each
participant. For each experimental stimulus, there were three periods: (1) a 2 min continu-
ous measurement of EDA and HR during the exposure to traffic sound; (2) psychological
measurement with the questionnaire, which lasted approximately 30 s; and (3) a 1 min rest
to remove the effect of the former stimulus. The total time for the formal experiment was
approximately 45 min.
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Figure 4. Schematic diagram of the experiment process.

2.5. Data Analysis

In this study, all statistical analyses were conducted using the SPSS 20.0 software. The
multivariate analysis of variance (MANOVA) was first used to identify the influential fac-
tors for psychophysiological responses, with the independent variables being sound level,
sound type, gender, and exposure time. In addition, the interaction effect of sound type and
sound level was also included in the MANOVA analysis. Before the MANOVA analysis,
the normality assumptions of the measured responses for each level of the independent
variables were examined with the Kolmogorov-Smirnov test. Some of the dataset violated
the normality assumption (acoustic comfort and noise annoyance). However, it was sug-
gested that an ANOVA analysis could still yield robust and valid results with non-normally
distributed data [50]. The homogeneity of variance was verified with Levene’s test (acoustic
comfort: p = 0.0.564; annoyance: p = 0.958; arousal: p = 0.925; pleasantness: p = 0.0.337;
EDA: p = 0.952; HR: p = 0.287). A pairwise comparison was also applied to show where
the differences lay. The least significant difference test (LSD) and the Mann-Whitney U
test were applied for variance homogeneity and heterogeneity cases, respectively. Finally,
a Spearman correlation analysis was applied to investigate the relationship between the
physiological responses and psychological responses. In all analyses, a p-value less than
0.05 was used as the criterion to determine significant differences.

3. Result
3.1. Effect of Traffic Sounds on Psychological Responses

The MANOVA analysis was applied to investigate the effects of the experimental
factors on the subjects” psychological responses, including acoustic comfort, annoyance,
arousal, and pleasantness. Four factors were used in the ANOVA analysis, including
gender, sound type, sound level, and the interaction of sound type and sound level. As
discussed in Section 2, there were significant temporal differences between the traffic sound
stimuli. Therefore, two different sound level indicators, the equivalent sound level (Laeq)
and the peak level (Lfmax), were used in two independent ANOVA analyses, as shown
in Table 1. The results show that gender only showed significant effects on arousal and
pleasantness evaluations. Acoustic factors, including sound type and sound level, showed
significant effects on all four evaluation dimensions. Using Laeq as the sound level index
(configuration 1), both the sound type and the sound level showed significant influences
on participants’ psychological responses. However, when replacing Laeq with Lafmax
(configuration 2), only the sound level showed a significant influence on psychological
responses. In both ANOVA analyses, no significant interaction effects of sound type and
sound level were found.
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Table 1. Results of multivariate test of psychological evaluations of traffic sounds. * and ** represent
significant differences at 0.05 and 0.01 levels, respectively. Sig. and n%, are the significance coefficient
and effect size factor, respectively.

Comfort Annoyance Arousal Pleasantness
Model Factor - 5 - 5 - 5 - 5
Sig. Ny Sig. Ny Sig. Ny Sig. Ny
Model 1: Gender 0.321 0.00 0.09 0.01 0.006 ** 0.02 0.006 ** 0.02
using Noise type 0.002 ** 0.04 0.038 * 0.02 0.050 * 0.02 0.047 * 0.02
equivalent Lacq 0.000 ** 0.37 0.000 ** 0.34 0.000 ** 0.32 0.000 ** 0.31
: *
sound level No‘ie type 0.938 0.01 0.585 0.01 0.983 0.00 0.74 0.01
Aeq
Model 2: Gender 0.319 0.00 0.089 0.01 0.006 ** 0.02 0.006 ** 0.02
rode \ Noise type 0.579 0.01 0.118 0.02 0.562 0.01 0.296 0.01
using pea L AFmax 0.000 ** 0.37 0.000 ** 0.34 0.000 ** 0.32 0.000 ** 0.31
sound level Noise tvpe *
yp 0.584 0.01 0.111 0.02 0.767 0.00 0.379 0.01
LAFmaX

7

As shown in Figure 5, the sound type also had a significant influence on the subjects
psychological evaluation. Compared with the baseline condition (silence), all four traffic
sounds showed strong negative psychological impacts (lower comfort, higher annoyance,
higher arousal, and lower pleasantness). By a further pairwise comparison, the psycho-
logical impact of tram sound was found to be significantly stronger than that of the other
three traffic sounds. A rank could be assigned based on the negative effects, such as: tram
> high-speed train > conventional train > road, which is contrary to the duration order
shown in Figure 3.

9

O Road O Conventional

E High-speed B Tram = = = « Silence ’7* .
i *

Pl T

Comfort Annoyance Arousal Pleasant

~l
1

o

Evaluation Score
(¥, ]
1

[}
1

Figure 5. Effect of sound type on psychological attributes. The vertical bars represent 95% confidence
intervals. * represents significant differences in pair-wise comparison (LSD) at 0.05 level.

This result explains the difference between the two ANOVA analyses with different
sound level indicators, in which the peak sound level showed superior performance
compared to the equivalent level in explaining the psychological impacts of different
traffic sounds on people. In this experiment, the major difference between the four traffic
sounds was temporal duration (road > conventional > high-speed > tram). As discussed
in Section 2, this led to the difference in the peak sound level when the equivalent level
was equalized. Therefore, the peak sound level described not only the overall sound level
but also the temporal characteristics, which led to superior performance in explaining the
psychological responses of the participants.

As shown in Figure 6, strong linear correlations were found between the psychological
responses and L max (R? = 0.88-0.9). The negative effects of traffic sounds continued to
increase with the increase in L,y According to the regression equation, a 5 dB increase
in Lafmax led to changes of 0.35, 0.35, 0.65, and 0.65 for comfort, annoyance, arousal, and
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pleasantness evaluation, respectively. Meanwhile, the sound levels for achieving neutral
evaluations in each psychological dimension were different. By the regression equation,
the upper limit of Lsmax for avoiding negative evaluations could be recognized as 60, 69,
65, and 63 dB for comfort, annoyance, arousal, and pleasantness evaluation, respectively.
These results show that people have a greater tolerance for traffic noise annoyance than the
other three evaluation dimensions. Therefore, relatively weak traffic sounds could have
significant negative effects on the psychological state (arousal and pleasantness) and the
overall soundscape quality (comfort), although they were perceived as “not annoying”.
These results indicate the insufficiency of the questionnaire survey with annoyance as the
only evaluation dimension to evaluate the impact of traffic sounds.

5 9
@ Comfort AAnnoyance| @ Arousal W Pleasant |
8 -

4 - y 7
S g S W
® e 8 A oo Bl m B ¢ &
3 o % el L R?=0.88
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g y=-007x-722 7 y=0.13x-13.19
45 50 55 60 65 70 75 80 85 45 50 55 60 65 70 75 80 85

LAfmax LAfmax

Figure 6. Effect of maximum sound level on psychological responses.

Besides acoustical factors, significant main effects of gender on psychological state
were also found, including arousal and pleasantness. As shown in Figure 7, under the
impact of traffic sounds, the evaluations of female participants were significantly more
negative than those of male participants, with higher arousal evaluations and lower pleas-
antness evaluations. This result shows that being exposed to traffic sounds has a stronger
psychological impact on females than on males in urban green spaces.

7
Ofemale Mmale 5 "
o 6 7
3
Q
3 5 1
=
= —I—
=
= 4 A
=
S
M 3 A
N ' '
1 T T T r
Comfort Annoyance Arousal Pleasant
Figure 7. Effect of gender on psychological attributes. The vertical bars represent 95% confidence

intervals. * represents significant differences in pair-wise comparison (LSD) at 0.05 level.

3.2. Effect of Traffic Sounds on Physiological Responses

Table 2 shows the results of the MANOVA analysis for physiological responses (EDA
and HR). It revealed that both the acoustic factors and the non-acoustic factors had sig-
nificant effects on the physiological impact of traffic sounds. The main effect of gender
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Physiological parameter

was found to be significant on both EDA and HR. Besides, a significant main effect of
the exposure time on HR was also found. As for the acoustic factors, the main effects of
sound type and sound level were found to be significant on EDA and HR, respectively.
In addition, the interaction between the sound type and sound level was observed to be
influential on EDA.

Table 2. MANOVA analysis of physiological responses to traffic sounds. * and ** represent significant
differences at 0.05 and 0.01 level, respectively.

EDA HR
Factor
F Sig. n; F Sig. n;

Gender 92.27 0.000 ** 0.041 18.77 0.000 ** 0.009
Time 0.07 0.996 0.000 492 0.000 ** 0.011
Noise Type 3.11 0.025 * 0.004 2.02 0.109 0.003
SPL 1.56 0.209 0.001 3.98 0.019 * 0.004
Noise Type * SPL 3.52 0.002 ** 0.010 1.17 0.321 0.003

Figure 8 shows the effects of the sound type and sound level on the physiological
responses. By further pairwise comparisons, five significant differences were identified. For
the sound type, all four significant differences were between the high-speed train sound
and the other traffic sounds, including: (1) the EDA under the high-speed train sound was
significantly higher than those under the road traffic sound (p = 0.010) and conventional
train sound (p = 0.008) and (2) the HR under the high-speed train sound was significantly
lower than those under the conventional train sound (p = 0.035) and tram sound (p = 0.038).
These results indicate that the physiological impact of the high-speed train sound was
significantly different from other traffic sounds. As for the sound level, only one pairwise
comparison was found to be significant. A significant increase in HR was found when the
sound level increased from 55 dB to 65 dB. This result indicates that the main effect of SPL
on the physiological responses was relatively limited, especially when the sound level was
low (45 to 55 dB).

2%
ORoad O45dB @55dB M65dB
. O Conventional 196 1
B High-speed 5 o
—I— {_ BTram CE; (] _:[_ _:[_
£ 8 1% .
x =
3
2%
S
2 3% 1
[~
—5% T .
HR

EDA

HR EDA

Figure 8. Main effect of noise type and noise level on physiological responses. * represents significant
differences in LSD pairwise comparison at the 0.05 level.

An explanation for this phenomenon is that the relationship between the SPL and
physiological responses varied in different sound groups, as indicated by the significant
interaction effect between SPL and sound type in Table 2. Further pairwise comparisons
were carried out to investigate how physiological responses varied with the increase in
sound level in each sound group. As shown in Figure 9, the results varied wildly in
different traffic groups. As for the road traffic sound, the change in SPL from 45 dB to
65 dB could hardly affect the participant’s physiological responses, including EDA and
HR, while significant changes in physiological responses were found with the increase
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in SPL in the railway sound groups. As for the high-speed train sound, when the sound
level increased from 45 dB to 65 dB, a significant decrease in EDA was found (x> = —3.397,
p = 0.001). For the conventional train sound and tram sound, the increase in sound level
led to significant increases in HR: (1) when the conventional train sound increased from
45 to 65 dB (x? = 2.155, p = 0.031) and 55 to 65 dB (x? = 2.035, p = 0.042) and (2) when the
tram sound increased from 55 to 65 dB (x? = 2.313, p = 0.021). This result indicated that
the effect of sound level on the physiological responses depended on the sound type. As
for the steady road traffic sound, the decrease in sound level was insufficient to reduce the
physiological impact on participants. On the contrary, the control of sound levels is still an
effective treatment for controlling the impact of intermittent railway sounds.

3%
045dB B55dB M65dB] i
2% 4
1% _I_
(% 4

S 1%
A
—2%
73 %.
74%.
5% T T - <

Road Conventional High-speed Tram

3%

*
2% . "
1% -
0%

|

Road Conventional High-speed Tram

& —1%1
0
3o
49
5%

Figure 9. Interaction effect of sound level and sound type on EDA and HR. The vertical bars
represent 95% confidence intervals. * represents significant differences in the Mann-Whitney U test
at the 0.05 level.

Besides acoustic factors, non-acoustic factors (gender and exposure time) were also
found to be influential on physiological responses, as shown in Figure 10. According to the
effect factor, gender was found to be more influential on EDA and HR than the acoustic
factors. When exposed to traffic sounds, the EDA and HR of males were significantly
higher (F =92.27, p = 0.000) and lower (F = 18.77, p = 0.000), respectively. Meanwhile, HR
was also significantly affected by the exposure time (F = 4.92, p = 0.000). With the increase
in exposure time, the HR of participants decreased rapidly in the first 60 s and gradually
stabilized after 60 s. This result reveals that there was a strong adoption effect on HR when
exposed to traffic sounds.



Forests 2022, 13, 960

11 of 16

2% 2%
Ofemale Emale ——EDA =—HR
1% 4 , 1% A
% 0% 4 ?E 0% 4
2 0% Rl I e e e
£-1% - E-1% A 11
";—_)n’z% i %1)-2% E
2 o
[=} R7] 4
-i_:;% i 2-3%
= 4% l 4% ]
-59% -5% T T T T T T
EDA HR 20s 40s 60s 80s 100s 120s

Expose Time

Figure 10. Effects of gender and exposure time on physiological responses to traffic sounds. The

vertical bars represent 95% confidence intervals.

3.3. Relationship between Psychological and Physiological Responses

A Spearman correlation analysis was applied to reveal the relationship between the
psychological responses and physiological responses, as shown in Table 3. Strong corre-
lations were found between the psychological responses (|r| = 0.84 — 0.94, p <0.01). The
EDA parameters were discovered to be independent of the HR parameters (r = —0.057).
Only one weak correlation was found between the physiological responses and psycho-
logical responses: that between HR and annoyance (r = 0.107, p < 0.05). It indicates that
more annoying traffic sounds lead to a higher HR level when exposed to traffic sounds.
These results revealed that the physiological responses and psychological responses were
relatively independent from each other when exposed to traffic sounds. Therefore, it might
be insufficient to assess the physiological impact of traffic sounds with the psychological
evaluations of the sound environment through self-reported surveys. The measurement of
physiological responses might be necessary to have a comprehensive investigation of the
impact of traffic sounds on the urban environment.

Table 3. Correlation analysis between psychological and physiological responses. ** represent

significant difference at 0.01 level.

Perceptual Physiological
Spearman
Comfort Annoyance Arousal Pleasantness EDAjmin HRjmin
Comfort 1
Annoyance —0.837 ** 1
Perceptual Arousal —0.858 ** 0.863 ** 1
Pleasantness 0.866 ** —0.853 ** —0.939 ** 1
o EDAjpmin 0.034 0.049 0.037 —0.005 1
Physiological HRopmin 0.101 0.107* 0.082 0.088 ~0.057 1

Figure 11 shows the relationship between noise annoyance and physiological responses
in each traffic group. In all four groups, EDA was independent of the noise annoyance,
while in the conventional train group, a significant positive correlation was identified. In
the road traffic and tram groups, the correlation coefficient between HR and annoyance
was also positive. However, in the high-speed train group, a weak negative correlation
between HR and annoyance was found, which was different from the other three traffic
sounds. This result agreed with the result in Figure 8 that the psychophysiological impact
of the high-speed train sound was significantly different from the other traffic sounds.
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Figure 11. Relationship between psychological response (annoyance) and physiological responses
in four traffic sound groups: (a) road traffic; (b) conventional train; (c) High-speed train; (d) tram.
* represents significant correlation at 0.05 level.

4. Discussion

The findings of this study show that traffic noise has a significant negative impact
on the urban green space soundscape, both psychologically and physiologically. Both
sound level and traffic type have significant effects on these impacts. However, there were
only very weak correlations between the physiological responses and the psychological
responses. Therefore, the widely used self-reported questionnaire survey focusing on traffic
noise annoyance and soundscape quality might be insufficient for evaluating the physi-
ological impact of traffic sounds. In addition, the common noise level control treatment
might be inefficient in controlling the physiological impact of traffic sounds.

As expected, the psychological responses in green space were found to be domi-
nated by the traffic sound magnitude, which agreed with the results of long-term field
surveys [51,52]. In addition, the results in this study show that not only the overall energy
magnitude but also the temporal variation characteristics are important in determining the
psychological impacts. The peak sound level, Layay, Shows superior performance to the
equivalent level. These results reveal that more steady traffic sounds lead to less impact
on the green space soundscape when the overall sound energy is controlled. As a result,
limiting the carrying capacity and speed of the vehicle may result in a reduction in traffic
noise impact, even as the number of vehicles increases.

However, the results of the physiological responses indicated that the decrease in
traffic sound level might be inefficient in controlling the physiological impacts because
they were strongly affected by the traffic type. First, the impact of the high-speed train
sound was found to be significantly different from other traffic sounds. Meanwhile, the
relationships between the traffic sound level and physiological parameters varied in four
traffic groups. Therefore, the common noise barrier might be effective for railway sounds
but ineffective for road traffic sounds. To improve the green space soundscape quality,
new strategies should be specially designed according to the traffic type. It was suggested
that in the mixed soundscape, the presence of natural sounds, i.e., birds singing and
water sounds, had a positive physiological effect in a soundscape exposed to road traffic
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sound [34]. As a result, the physiological masking effect of pleasant natural sounds could
be a potential solution for reducing the impact of traffic noise when noise control treatments
are not efficient.

Some limitations of this study should also be noted. First, silence was chosen as
the baseline condition, and only traffic sounds were used as the experimental stimuli
in this study. However, there are inevitably other sound sources in actual urban green
space soundscapes. As suggested by Suko et al., there are significant interactions between
different sound sources in mixed soundscapes [34]. Therefore, in a green space soundscape
with multiple sound sources, especially when the traffic sounds are relatively weak, the
effect of traffic sounds might be different. Future studies need to be conducted to investigate
the effects of mixed sounds in such soundscapes. Second, a static picture without traffic
vehicles was used in the VR system to establish the visual environment in this study.
As suggested by Li et al., there are significant interactions between visual and acoustic
information on the psychophysiological response to a soundscape [35]. Therefore, the
visual information of the transportation system might also have a potential influence on
how people respond to the traffic noises in green space soundscapes. In general, this paper
presents the results of an empirical study in which the effect of the two most fundamental
factors of traffic sounds were considered: sound type and sound level. However, because of
the complexity of the actual urban soundscape, experiments with more factors, including
acoustic factors and non-acoustic factors, are needed to have a comprehensive investigation
of the psychophysiological effects of traffic sounds in urban green space soundscapes.

5. Conclusions

A laboratory experiment on the psychophysiological impact of traffic sounds on
an urban green space soundscape was conducted in this study. The following results
were obtained:

In a green space soundscape, significant psychophysiological impacts of traffic sound
were observed in the experiment. However, the psychological responses to traffic sounds
were found to be independent from the physiological responses. Only one weak correlation
between HR and annoyance was found to be significant in the experiment. Higher HR
levels were observed when exposed to more annoying traffic sounds.

Strong negative effects of traffic sounds on the psychological assessment of the green
space soundscape were identified, which were determined by both the sound type and
the sound level. The peak sound level was found to be superior to the equivalent level in
describing the psychological impacts of the various traffic sounds.

The physiological effects of the traffic sounds were also discovered to be determined by
sound type and sound level. As for the sound type, the physiological response to the high-
speed train sound was significantly different from the other three traffic sounds. Exposure
to the high-speed train sound led to lower EDA (compared with conventional train and
tram sound) and higher HR (compared with road and tram sound). The relationship
between the sound level and physiological parameters also depended on the sound type.
The physiological impacts of road traffic sound were found to be irrelevant to the sound
level. On the contrary, the change in sound level was found to be influential on the
participants” physiological parameters in the railway sound group.

The findings in this study highlight that not only the sound level but also the sound
type determine the psychophysiological impact of traffic sounds in urban green spaces.
Especially for the physiological effects, controlling the sound level does not necessarily lead
to an improvement in the environmental quality. Therefore, common noise treatments, such
as noise barriers, might be less efficient at masking traffic sounds. Soundscape treatments,
such as introducing natural sounds, for instance, might be more effective in masking the
negative effect of traffic sounds. To offer more efficient and practical methodologies for
architects, planners, and city managers, we will focus on the performance of applying
soundscape treatments in reducing the impact of traffic sounds in future studies.
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Appendix A

Questionnaire for psychological evaluation:

Introduction:

“Begin by listening through the 12 traffic sounds presented in the headphone, and
build your opinion about their character. Thereafter you measure the traffic sounds with the
aid of four attribute scales that appears in front of you. The traffic sounds must be measured
one at a time on all the attribute scales and in the order presented from up to down.

Your task is to judge to what extent the attributes listed in the protocol are applicable
to the traffic sounds in the current environment.”

a. Comfort

1-very uncomfortable  2-uncomfortable ~ 3-Neither comfortable nor uncomfortable  4-comfortable 5-very comfortable

b. Annoyance

1-not annoyed at all 2-slightly annoyed 3-moderately annoyed 4-very annoyed 5-extremely annoyed
c. Arsoual
1-not at all arousal 9-complete arousal
1 2 3 4 5 6 7 8 9
SR
1 2 3 4 5 6 7 8 9
d. Pleasantness
1-complete unpleasant 9-complete pleasant

Figure A1l. Questionnaire used in the experiment.
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