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This study aims to explore how the soundscape quality of traffic noise environments can be
improved by the masking effects of birdsong in terms of four soundscape characteristics, i.e.,
Perceived Loudness, Naturalness, Annoyance and Pleasantness. Four factors that may influence
the masking effects of birdsong (i.e., distance of the receiver from a sound source, loudness of
masker, occurrence frequencies of masker, and visibility of sound sources) were examined by
listening tests. The results show that the masking effects are more significant in the road traffic
noise environments with lower sound levels (e.g. <52.5 dBA), or of distance from traffic
(e.g. >19 m). Adding birdsong can indeed increase the Naturalness and Pleasantness of the traffic
noise environment at different distances of the receiver from a road. Naturalness, Annoyance and
Pleasantness, but not Perceived Loudness, can be altered by increasing the birdsong loudness
(i.e., from 37.5 to 52.5 dBA in this study). The Pleasantness of traffic noise environments
increases significantly from 2.7 to 6.7, when the occurrence of birdsong over a period of 30 s is
increased from 2 to 6 times. The visibility of the sound source also influences the masking
effects, but its effect is not as significant as the effects of the three other factors.
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|.INTRODUCTION

With the emergence of the concept of soundscape, which is defined as an “acoustic environment
as perceived or experienced and/or understood by people, in context” by ISO/TC 43/SC 1, the
scope of research on urban sound environments has been extended from traditional noise control
to multi-disciplinary research.'***> Beyond the total sound level of a sound environment, the
significance of sound meaning has also been emphasised.”® The identification and taxonomy of
multiple sound events in the soundscape of daily life have become essential in soundscape
studies. Natural sounds, such as birdsong and water sounds, which may benefit people’s
relaxation in urbanised areas,” have been studied frequently, with particular considerations for
their interaction with common urban noise, e.g., road traffic noise.'®1213 Ag g result, the
concept of “masking” has re-emerged within the scope of soundscape because masking effects
have been demonstrated to have considerable effects on the quality of soundscape.®'*'
Furthermore, due to the crucial role of human visual-aural interaction in sound environment

Journal of the Acoustical Society of America, Volume 140 (2), August 2016, 978-987 Page 1



Hao et al. [DOI: 10.1121/1.4960570]

assessments, integrated studies of soundscape and landscape have also been conducted recently.
16,17,18,19

Great attention has long been paid to research on auditory masking, but the scope of masking is
mainly limited to the domains of acoustics and psychoacoustics. Although early studies of
masking were mainly developed based on experiments using pure tones, > the definition and
understanding of masking have recently become rather diverse. Masking is defined from the
viewpoint of both the acoustic properties of sound and human hearing.”"******** Among the
definitions, two main categories of masking, namely “energetic masking” and “informational
masking”, have been widely accepted and investigated. 2"-*%%°-°

However, in real-life soundscapes, the roles of sound source perception and cognition are highly
relevant to masking effects.”’ Thus, it is essential to study masking in soundscapes with
commonly recognised sound sources in daily life (e.g., traffic noise and bird chirping). It has also
been observed that the masking capability of natural sounds is lower than that predicted by
Moore et al.’s model of energetic masking. **** Context plays a vital role in determining masking
effects;** hence, informational masking that considers the effects of different contexts®® should
be an important concern in soundscape studies, in addition to energetic masking. Indeed,
masking is explained as a hearing phenomenon through which soundscape characteristics are
altered by the presence of interfering sound event(s) in specific contexts. The contexts are
derived from real-life sound environments, such as the variable distances between receivers and
sound sources as a result of urban planning™**, different occurrence frequencies of sound events
(e.g., bird chirping varying by time of day and bird density’>%?7), and direct visibility of sound
sources.

This study therefore aims to explore how four key factors, namely the distance of the receiver
from a sound source, the loudness of the masker, the occurrence frequencies of the masker and
the visibility of the sound sources, may affect the masking effects of birdsong on road traffic
noise, which was accomplished by carrying out a series of listening tests. Two common sounds,
road traffic noise and birdsong, were selected as the target and masker, respectively, because they
have considerable interactions in urbanised areas®® and because birdsong has been demonstrated
to be the most preferred natural sound in the traffic noise environment.'*"’

II. METHODOLOGY

Based on the analysis of recordings of typical real sound environments dominated by road traffic
noise and birdsong, listening tests were designed using a series of reproduced acoustic stimuli.

A. Sound recordings

To reproduce acoustic stimuli and investigate the characteristics of the urban road traffic noise
environment, sound recordings were collected along two typical main roads in urban areas,
namely Crookes Valley Road (2x1 lane, 50 km/h), Sheffield, UK, and Hoofdlaan (2x1 lane, 50
km/h), Assen, the Netherlands, which both lead to the city centres, with trees and hedges
flanking the roads. An Edirol R-44 Portable Recorder and Tascam DR-680 digital recorder were
used for sound recording. The microphone height was 1.6 m. The sound samples were recorded
and stored as 16-bit, 44.1-kHz wave files. To record the spatial road traffic noise distribution,
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simultaneous multi-channel recordings were collected at distances of 1, 4, 9, 19 and 50 m from
the side of Crookes Valley Road during summer 2013 rush hours. Furthermore, photographs
were captured from the locations where the microphones were installed, facing the road, to
record the scenes where the sound events occurred. To record the temporal changes in both road
traffic noise and birdsong, single-channel sound recordings were performed on a pathway at a
distance of 2 m from the road side of Hoofdlaan during sunny and windless weekdays in
September 2013. The recordings started at sunrise (approximately 07.30) and ended at sunset
(approximately 19.30)*°, considering the effect of daytime on bird chirping behaviour®. Six five-
minute sound recordings collected each hour over the 12 hours of daytime were ultimately
collected.

To obtain the representative sound pressure levels and occurrence frequencies for acoustic
stimulus reproduction, an analysis was carried out with thirty-six 5-min sound recordings of
traffic noise and birdsong (three recordings for every 12 hours) at Hoofdlaan. Traffic noise and
birdsong were both measured as A-weighted sound pressure level (LAeq). The sounds of car
passing that were audible for at least 10s were labelled as continuous car passing events. One
bird chirping event was annotated when the time spacing was longer than 0.5s between a
chirping’s last peak value (LAeq) and the next chirping’s first peak value, and one birdsong event
may include one or a series of bird chirps. Fig. 1 shows examples of typical annotated events of
car passing and birdsong. The Time-Component Matrix Chart (TM Chart), which is a
programme for sound annotation and calculation of time percentage of the sound level range and
time percentage of the sound event audible as manually identified and labeled,***' was employed
in this study. The time history of each recording with LAeq values was first generated. Then in
the TM Chart, the sound events of “car passing” and “bird chirping” were classified by sound
annotation of the time history, and then the percentage of their sound level range and percentage
of the audible sound events were automatically calculated by the programme. The sound pressure
levels were classified into six ranges: 30-40, 40-50, 50-60, 60-70, 70-80 and >80 dBA. Fig. 2
shows the percentages of each sound level range of cars passing and birds chirping over the total
time history. For cars passing, the sound levels between 50-60 dBA occupied the highest
proportion, at 51.8%, whereas only a few sound levels were beyond 70 dBA, at 0.9%. The ranges
of 60-70 dBA (15.9%) and 40-50 dBA (30.7%) represented the high and low sound level ranges,
respectively. For birds chirping, most sound levels (64.0%) were in the 40-50 dBA range,
followed by the ranges of 30-40 dBA (26.0%) and 50-60 dBA (11%). Fig. 2 shows that, in
general, the distribution of sound levels associated with birds chirping was 10 dBA lower than
that of sound levels associated with cars passing. The mean A-weighted sound pressure level of
backgrounds (excluding cars passing and birds chirping) was calculated to be approximately 36.2
dBA. Fig. 3 shows the time percentages of audible cars passing and birds chirping over the 12
daytime hours. Table 1 shows the event frequencies of cars passing and birds chirping. The
percentages in Fig. 2 and the data presented in Table 1 are the mean values of the three
recordings over each of the 12-hour periods to avoid the effect of rare individual noises. The
mean percentage of audible cars passing in Fig. 3 is 55.9%, which is used as a constant
percentage for the period of cars passing in the following acoustic stimulus reproductions. Table
1 shows that the mean occurrence frequency of cars passing over the 12 hours is 18 in five
minutes, which is also used as a constant typical occurrence. Moreover, the variant percentage
(11.3-37.7%) and occurrence frequencies of audible birds chirping between 07.30 and 14.30
(when birds chirping mainly occurred) was the factor examined in the ensuing experiment.
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Fig. 1. Examples of annotated sound events of the recordings: (a) car passing; (b) bird chirping.
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Table 1. Frequencies of the sound events of cars passing and birds chirping over 5 minutes.

Period of time

07.30- 08.30- 09.30- 10.30- 11.30- 12.30- 13.30- 14.30- 1530- 16.30- 17.30- 18.30-

Sound 0830  09.30 1030  11.30 1230  13.30 1430 1530 1630 17.30  18.30 19.30
event

Cars 14 18 13 8 18 13 16 18 20 22 24 16
passing

Birds 23 25 30 19 29 25 25 4 6 7 1 1
chirping

B. Acoustic stimuli

Four stimuli groups, Groups A, B, C and D, were reproduced to examine the four previously
mentioned factors: the distance of the receiver from a road, loudness of masker, occurrence
frequencies of masker and visibility of sound sources, respectively. The acoustic stimuli were
constructed based on the recorded audio using Adobe Audition CS6. The length of the acoustic
stimuli was confirmed to be 30 s according to the study on the time scales of participants’
constant assessments conducted by Pheasant et al.,'® although different lengths of acoustic
stimuli were used in previous listening experiments on masking and soundscape.'*'®!” The audio
clips of birds chirping were cut from the single-channel sound recordings at Hoofdlaan when the
background noise was lower than 36.2 dBA. To make the acoustic stimuli more realistic,
multiple patterns of bird chirping recordings from common urban passerine bird species in
Europe*** were included, e.g., Great Tit, Common Blackbird and Sparrow. The frequencies of
birds chirping mainly fell within the range 2-10 kHz. The audio clips of cars passing were cut
directly from the recordings captured by the two main roads.

Group A is composed of 10 acoustic stimuli to explore how the distance of the receiver from a
road influences the masking effects. Five acoustic stimuli, constituting Subgroup I, were the
original recordings gathered at distances of 1, 4, 9, 19 and 50 m from Crookes Valley Road,
which remain the different loudness and spectral. The other five acoustic stimuli, constituting
Subgroup II, were reproduced by adding the same birds chirping at 52.5 dBA, which were
audible for 8 s in each stimulus.

Group B, in which 20 acoustic stimuli were included, was formed to investigate how the
loudness of the masker influenced the masking effects. Two audio clips of birds chirping (8 s, 4
events) at 52.5 dBA (high) and 37.5 dBA (low) were combined with 10 audio clips of cars
passing at different sound pressure levels of noisy traffic (i.e., 57.5, 60, 62.5, 65, and 67.5 dBA)
and quieter traffic (i.e., 42.5, 45, 47.5, 50, and 52.5 dBA), respectively, where a 2.5-dBA step

was used to represent the differences in masking effects within a sound level range of 10 dBA
1,14

Group C, in which 10 acoustic stimuli were included, was formed to elucidate the influence of
the occurrence frequency of birds chirping on the masking effects. Five audio clips of different
occurrence frequencies of birds chirping, namely 2, 3, 4, 5 and 6 times (audible for 2 s each time),

Journal of the Acoustical Society of America, Volume 140 (2), August 2016, 978-987 Page 5



Hao et al. [DOI: 10.1121/1.4960570]

were combined with two audio clips of cars passing at 62.5 (high) and 47.5 dBA (low). The
occurrence frequency of cars passing was set to a constant value of 2 based on the above-
discussed sound analysis.

In Group D, the five acoustic stimuli that were used in Subgroup II of Group A were played back
with the pictures captured at the sound recording locations. Ultimately, forty-five 30-s acoustic
stimuli dominated by the sound events of cars passing and birds chirping were reproduced.

Additionally, twenty 30-s acoustic stimuli of daily-life urban sounds at SPLs < 70dBA, including
construction, aircraft, human voices, steps, wind rustling leaves and fountains, were added to the
stimuli of the four groups in random orders to weaken the subjects’ consciousness of the
particular purpose of the experiment on traffic noise and birdsong.

C. Participants and evaluation procedure

Thirty subjects participated in the experiment, including 12 women and 18 men, aged 18-35
years. The number of participants was initially determined based on previous related studies'”**
and further examined by statistical analysis. The hearing threshold levels of all participants were
tested using an audiometer for all frequencies (125, 250, 500, 1000, 2000, 3000, 4000, 6000 and
8000 kHz), and it was found that all participants had normal hearing. A different 30-s audio clip,
which was directly cut from one sound recording from Hoofdlaan, was played to the 30
participants to test their capability for sound source recognition. The audio clip included traffic
noise, birdsong, dog barking and human voice. All of the participants recognised and indicated
that they heard traffic noise and birdsong after listening.

The 65 acoustic stimuli were arranged in a random order and divided into three groups to provide
breaks to avoid listener fatigue. The order in which the stimuli were presented to the participants
was randomized to minimize order effects. The acoustic stimuli and the pictures were presented
through headphones (Sennheiser HD 558) and a projector (Hitachi ED-X33), respectively. The
calibration was carried out by using a dummy head (Neumann KU100) before the experiment.
The participants were seated in a chair comfortably in an anechoic chamber. The background
noise level was approximately 25.0 dBA.

The participants were required to score the sounds after the end of each sound in terms of four
adjectives describing the soundscape characteristics, “Loud”, “Natural”, “Annoying” and
“Pleasant”, on a scale of 0—10, with 0 representing “Not at all” and 10 “Extremely”, based on the
basic box diagram from ISO W54. The adjectives have been identified as the characteristics of
soundscape quality in previous studies, one of the most commonly used of which is
pleasantness'*'**. For the perceptual assessment of traffic noise, perceived annoyance is an
important and frequently examined characteristic"****". Considering the significant roles of
perceived loudness in the masking study'***** and naturalness in human relaxation®***’, the two
characteristics were also included.

D. Data analysis

Normalisation of the responses was conducted according to Eq. (1) prior to the data analysis, as
per the previous study'’, to reduce the effects of the differences in the ranges of the scores used
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by the participants in the evaluation.

Ys,q X§
X =X 2124 (1)
norm,s,q,p SAP |yo XE,

where S= stimuli, = questions, Xsqp = initial answer of the person p for the stimulus Sand the
question 0, Xnormsq,p = normalized answer of the person p for the stimulus S and the question g,
Ysg Xiq,p = sum of squares of all the answers for person p, .5 ; X3, = average of the sum of

squares for all subjects, and Y5, X2, =X7_1(1/p) XsqXeqp -

To test the concordance between the subjects on the evaluation of soundscape, an analysis of
two-way mixed intra-class correlation (ICC) with a 95% confidence interval was employed. The
average intra-class correlation coefficients of Perceived Loudness, Naturalness, Annoyance and
Pleasantness were 0.969, 0.946, 0.962 and 0.872, respectively, which indicate high agreement in
the judgements of the four characteristics and the sufficiency of the number of participants. The
high average intra-class correlation coefficients also reflect the reliability of the judgements on
the evaluation of soundscape as a result of little order effect. The average intra-class correlation
coefficients of Pleasantness were lower than those of the three other characteristics,
demonstrating that the participants showed a lower degree of consistency when evaluating
Pleasantness.

A one-way analysis of variance (ANOVA) was conducted to examine the statistically significant
mean differences among the acoustic stimuli caused by the four factors (i.e. distance, loudness,
occurrence frequency and visibility) in terms of the scores of the four characteristics. Wilcoxon-
signed rank tests were further performed to examine the differences between each pair of
acoustic stimuli.

1. RESULTS

Table 2 illustrates all the mean scores of the psychological evaluation of the four soundscape
characteristics of the road traffic noise environments.

A. Effects of distance of thereceiver from a sound source on masking

Five acoustic stimuli of traffic noise at distances of 1, 4, 9, 19 and 50 m from the road (at 69.8,
65.3, 62.3, 56.0 and 47.0 dBA) with and without birdsong at 52.5 dBA in Group A were
examined to determine how the distances influenced the masking effects. The one-way ANOVA
shows the statistically significant mean differences among the five acoustic stimuli without
birdsong in Perceived Loudness [F (4, 145) = 88.99, p = 0.000], Naturalness [F (4, 145) = 19.09,
p = 0.000], Annoyance [F (4, 145) = 26.51, p = 0.000] and Pleasantness [F (4, 145) = 7.33, p
=0.000], and five acoustic stimuli with birdsong in Perceived Loudness [F (4, 145) = 123.07, p=
0.000], Naturalness [F (4, 145) = 61.57, p= 0.000], Annoyance [F (4, 145) = 100.04, p = 0.000]
and Pleasantness [F (4, 145) = 67.84, p =0.000]. The results demonstrate that adding birdsong
can indeed alter the soundscape characteristics of the road traffic noise environment.

The masking effects significantly increase when the traffic noise fluctuates less and becomes
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quieter at greater distances. The first row of Table 2 illustrates the mean values of the four
characteristics of the road traffic noise environment at the five distances from the road without
and with birdsong at 52.5 dBA. The results of the Wilcoxon-signed rank tests reveal that none of
the five stimuli have significant differences (p < 0.05) in Perceived Loudness when adding
birdsong, but all have significant differences in Naturalness.

As shown in Table 2, the Perceived Loudness of the traffic noise environment is similar between
the with- and without-birdsong conditions, with a maximum mean value difference of 1.2 at 50
m. However, Naturalness is largely increased when birdsong is added, especially when the road
traffic noise fluctuates less and becomes quieter at 19 and 50 m. For example, with birdsong,
Naturalness increases by 3.2 at 19 m and by 3.9 at 50 m (see Table 2). Fig. 4 further shows the
statistical distribution of the evaluation scores of Naturalness with and without birdsong at the
five distances, indicating the high agreement in evaluation of Naturalness.

Table 2. Mean values of the psychological evaluations of the four characteristics.

Perceived L oudness Naturalness Annoyance Pleasantness
No 52.5dBA No 52.5dBA No 52.5dBA No 52.5dBA
birdsong  birdsong | birdsong  birdsong | birdsong  birdsong | birdsong  birdsong
Distance of the N*  Y* N Y N Y N Y
percever recelver 9.1 88 89 0.3 1.5 1.8 8.4 82 79 0.4 0.5 09
from a sound
source (m) 7.7 74 82 0.3 19 21 7.3 69 6.8 0.7 1.0 1.6
(Group A) 6.8 6.6 170 0.5 23 31 6.9 6.0 6.5 1.1 13 26
19 5.6 53 54 0.9 4.1 45 54 42 48 1.2 24 4.0
50 3.6 24 2.7 24 63 6.5 4.1 1.7 1.8 1.9 55 67
37.5dBA  52.5dBA | 37.5dBA  52.5dBA | 37.5dBA  52.5dBA | 37.5dBA  52.5dBA
birdsong  birdsong | birdsong  birdsong | birdsong  birdsong | birdsong  birdsong
425 2.6 2.4 6.2 5.9 1.9 1.9 43 5.0
45.0 35 2.8 6.1 5.9 2.3 2.1 5.0 5.1
47.5 3.6 3.0 6.0 6.1 2.7 2.3 5.3 5.6
) ) 50.0 39 33 5.1 6.4 4.2 3.0 3.9 4.9
Traffic noise (dBA)
(Group B) 52.5 4.4 34 4.0 6.2 5.2 3.9 2.7 4.0
57.5 6.0 5.7 3.7 4.2 4.8 5.9 1.8 2.1
60.0 6.7 6.4 34 3.7 54 6.3 1.5 1.4
62.5 7.4 7.0 3.1 34 5.6 6.3 1.4 1.4
65.0 7.9 7.7 2.9 32 6.4 6.9 1.3 1.1
67.5 8.1 7.8 2.0 2.1 7.3 7.3 1.2 1.1
47.5dBA  62.5dBA | 47.5dBA  62.5dBA | 47.5dBA  62.5dBA | 47.5dBA  62.5dBA
traffic traffic traffic traffic traffic traffic traffic traffic
noise noise noise noise noise noise noise noise
Occurrence 2 2.7 53 4.7 3.0 23 5.4 2.7 1.5
frequencies of 3 2.7 5.1 5.1 3.1 2.0 5.0 4.9 15
birdsong
(Group C) 4 2.6 5.2 5.8 32 2.1 4.8 5.1 1.6
5 2.7 5.1 6.2 34 1.7 4.6 5.5 2.2
6 2.8 5.2 6.4 3.8 1.3 4.2 6.7 2.4

* N means audio only; Y means with view.

For Annoyance and Pleasantness, the significant differences between the with- and without-
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birdsong conditions occur only at the distances farther than 19 m. With birdsong, the Annoyance
of the traffic noise environment decreases by 1 at 19 m and 2.3 at 50 m, as shown in Table 2.
Pleasantness can be significantly increased by adding birdsong; for example, at a distance of 50
m, the Pleasantness of the traffic noise environment is only 1.9, whereas it increases to 5.5 when
birdsong is mixed (see Table 2).

10 + 1 1
9 - || Without birdsong || With 52.5dBA birdsong
84 '
? N
w
g s
= 5
.
£
Z 3
2 %
T AT
0 L | .
1m 4m Om 19m 50m
Distance

Fig. 4. Box-and-Whisker Plots of the psychological evaluations of Naturalness of the road traffic
noise environments at distances of 1, 4, 9, 19 and 50 m from the road without birdsong and with
birdsong at 52.5 dBA, showing the statistical distribution of the evaluation scores.

B. Effects of birdsong loudness on masking

The second row of Table 2 shows the mean scores of the psychological evaluation of the four
soundscape characteristics of the road traffic noise environments with birdsong at 52.5 and 37.5
dBA in Group B. Based on the sound analysis of the sound recordings in Section 2.1, the road
traffic noise environments are classified into relatively quiet (i.e., 42.5-52.5 dBA) and noisy (i.e.,
57.5-67.5 dBA) environments. Table 2 shows that, in general, the score differences under the two
conditions (i.e., birdsong at 52.5 and 37.5 dBA) become larger with the increase in loudness of
traffic noise from 42.5 dBA and then become smaller with the increase in loudness after the
sound level reaches 52.5 dBA. The effects of masker loudness on masking will be discussed in
both quiet and noisy traffic noise environments, respectively.

1. Quiet traffic noise environment

To further explore the effects of masker loudness on masking when the noise is relatively quiet,
five acoustic stimuli of quiet traffic noise (42.5, 45.0, 47.5, 50.0 and 52.5 dBA) were combined
with birdsong at 52.5 and 37.5 dBA. The one-way ANOVA shows the significant mean
differences among the five acoustic stimuli with 52.5dBA birdsong only in Pleasantness [F (4,
145) = 3.697, p =0.007] but not for Perceived Loudness [F (4, 145) = 1.15, p = 0.337],
Naturalness [F (4, 145) = 0.690, p = 6.000], Annoyance [F (4, 145) = 2.11, p = 0.082], and the
significant mean differences among the five acoustic stimuli with 37.5dBA birdsong in Perceived
Loudness [F (4, 145) = 9.73, p = 0.000], Naturalness [F (4, 145) = 8.69, p = 0.000], Annoyance
[F (4, 145)=10.17, p=0.000] and Pleasantness [F (4, 145) = 13.11, p =0.000].
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To assess whether significant differences in the masking effects exist between 52.5 dBA birdsong
and 37.5 dBA birdsong, Wilcoxon-signed rank tests were conducted. The results reveal that the
five acoustic stimuli of quiet traffic noise are not statistically significantly different in Perceived
Loudness (p > 0.05), although the mean value differences are not small, 1.0 at 52.5 dBA and 0.6
at 50 dBA (see Table 2), which indicates that when the traffic noise is less than 52.5 dBA, louder
birdsong does not affect Perceived Loudness. However, in the Wilcoxon-signed rank tests, the
acoustic stimuli of traffic noise at 50.0 and 52.5 dBA are significantly different in Naturalness,
Annoyance and Pleasantness, which indicates that when the traffic noise increases, louder
birdsong can effectively improve the soundscape quality.

Fig. 5-7 illustrates the statistical distribution of the evaluation scores of Naturalness, Annoyance
and Pleasantness with 37.5 and 52.5dBA birdsong. As shown in Table 2, with 52.5 dBA birdsong,
Naturalness changes minimally when the traffic noise increases, but with 37.5 dBA birdsong,
Naturalness decreases sharply when the traffic noise is louder than 47.5 dBA (see Fig. 5).
Annoyance due to traffic noise is significantly higher with 37.5 dBA birdsong than with 52.5
dBA birdsong when the traffic noise is louder than 50 dBA (see Table 2 & Fig. 6). For example,
the level of Annoyance is 5.2 with 37.5 dBA birdsong and 3.9 with 52.5 dBA birdsong when the
traffic noise is 52.5 dBA (see Table 2). Pleasantness increases slightly and then decreases
significantly above 47.5 dBA, with either 37.5 or 52.5 dBA birdsong, and it is always higher
when birdsong is louder (see Table 2 & Fig. 7). The increase in Pleasantness below 47.5 dBA
might be caused by the failure in sound source recognition when the traffic noise is too low.

It appears that birdsong loudness has stronger effects on the evaluation of the four characteristics
in the traffic environment at 50.0 and 52.5 dBA than the other sound levels.
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Fig. 5. Box-and-Whisker Plots of the
psychological evaluations of Naturalness of
the road traffic noise environments at 42.5,
45, 47.5, 50, and 52.5dBA with 37.5 and
52.5dBA birdsong, showing the statistical
distribution of the evaluation scores.

Sound level of traffic noise (dBA)

Fig. 6. Box-and-Whisker Plots of the
psychological evaluations of Annoyance of
the road traffic noise environments at 42.5,
45, 47.5, 50, and 52.5dBA with 37.5 and
52.5dBA birdsong, showing the statistical
distribution of the evaluation scores.
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Fig. 7. Box-and-Whisker Plots of the psychological evaluations of Pleasantness of the road
traffic noise environments at 42.5, 45, 47.5, 50, and 52.5dBA with 37.5 and 52.5dBA birdsong,
showing the statistical distribution of the evaluation scores.

2. Noisy traffic noise environment

To further explore the effects of masker loudness on masking when the noise is loud, five
acoustic stimuli of loud road traffic noise (57.5, 60.0, 62.5, 65.0 and 67.5 dBA) were combined
with birdsong at 52.5 and 37.5 dBA. The one-way ANOVA shows the significant mean
differences among the five acoustic stimuli with 52.5dBA birdsong in Perceived Loudness [F (4,
145) = 16.00, p = 0.000], Naturalness [F (4, 145) = 5.06, p = 0.001], Annoyance [F (4, 145) =
4.88, p = 0.001] and Pleasantness [F (4, 145) = 3.97, p =0.004], and five acoustic stimuli with
37.5dBA birdsong in Perceived Loudness [F (4, 145) = 16.39, p=0.000], Naturalness [F (4, 145)
= 5.05, p=0.001], Annoyance [F (4, 145) = 21.76, p = 0.000] and Pleasantness [F (4, 145) =
9.89, p=0.000].

For all four characteristics, the five acoustic stimuli show no significant differences between 52.5
and 37.5 dBA birdsong in the Wilcoxon-signed rank tests. As shown in Table 2, the mean values
are rather similar between the two sound pressure levels of birdsong, which indicates birdsong
loudness has little effect on the masking effects when the traffic noise is louder than 57.5 dBA. It
is interesting to note that the mean values of Annoyance are higher with 52.5 dBA birdsong than
with 37.5 dBA when the traffic noise is noisy.

Moreover, to elucidate the relationships between the four characteristics, a two-tailed bivariate
analysis and linear regressions between each pair of characteristics were conducted with the
mean values reported in Table 2. The results show that Annoyance has a significant positive
relationship with Perceived Loudness (p<0.01, R* = 0.904) and a negative relationship with
Naturalness (p<0.01, R* = 0.883). Pleasantness has a significant negative relationship with
Peztrceived Loudness (p<0.01, R? = 0.905) and a positive relationship with Naturalness (p<0.01,
R”=0.905).

C. Effects of occurrence frequencies of birdsong on masking

The third row of Table 2 shows the mean psychological evaluation scores of the four soundscape
characteristics of the road traffic noise environments with different occurrence frequencies of
birdsong, including relatively quiet traffic noise environment (i.e., 47.5 dBA) and noisy traffic
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noise environment (i.e., 62.5 dBA). Table 2 shows that, generally, compared with the quiet traffic
noise environment, the occurrence frequencies of birdsong appear to have a weaker influence on
the masking effects in the noisy traffic noise environments.

1. Quiet traffic noise environment

To study the effects of occurrence frequencies on the masking effects when the noise is relatively
quiet, five acoustic stimuli of 42.5 dBA birdsong (2, 3, 4, 5 and 6 repetitions) combined with
47.5 dBA traffic noise in Group C were examined. The one-way ANOVA shows significant
differences in the masking effects among the five acoustic stimuli in Naturalness [F (4, 145) =
7.17, p=0.000], Annoyance [F (4, 145) =2.52, p = 0.044] and Pleasantness [F (4, 145) = 23.36,
p =0.000] but not for Perceived Loudness (p = 0.587), which indicates that the occurrence
frequency of birdsong indeed influences the masking effects in terms of the soundscape
characteristics, excluding Perceived Loudness.

Table 2 demonstrates that when the occurrence frequency increases from 2 to 6 repetitions,
Naturalness increases steadily from 4.7 to 6.4, Annoyance decreases slightly from 2.3 to 1.3, and
Pleasantness increases significantly from 2.7 to 6.7. Compared with the Naturalness and
Annoyance, the occurrence frequency of birdsong has a greater effect on Pleasantness. It is
interesting to note that when the occurrence frequency increases from 2 to 3, Pleasantness
increases sharply from 2.7 to 4.9 (see Table 2), which could be attributed to the fact that three
times the amount of birdsong is necessary to make the birdsong much more noticeable.

2. Noisy traffic noise environment

Five acoustic stimuli of birdsong (2, 3, 4, 5 and 6 repetitions) combined with noisy traffic noise
at 62.5 dBA were also examined. The one-way ANOVA only shows the significant mean
differences among the five acoustic stimuli in Pleasantness [F (4, 145) = 2.91, p =0.024], but the
differences between the occurrence frequencies are small, with a maximum value of 0.9 between
2 and 6 repetitions (see Table 2). Therefore, when the traffic noise is noisy, the occurrence
frequency of birdsong has little effect on the masking effects. Fig. 8 further illustrates the
statistical distribution of the evaluation scores of Pleasantness with birdsong (2, 3, 4, 5 and 6
repetitions) in both quiet and noisy traffic noise environments, showing a significant and highly-
concordant increase of scores of Pleasantness as the sound level of traffic noise decreases from
62.5 to 47.5 dBA.

D. Effects of visibility of sound sources on masking

To initially investigate the effects of visibility of sound source on masking, five acoustic stimuli
of traffic noise and birdsong in Group A were played with and without the pictures of in-situ
scenes. The one-way ANOVA shows significant differences in masking effects among the five
stimuli with the pictures of in-situ scenes in Perceived Loudness [F (4, 145) = 130.46, p = 0.000],
Naturalness [F (4, 145) = 34.54, p = 0.000], Annoyance [F (4, 145) = 64.02, p = 0.000] and
Pleasantness [F (4, 145) = 34.07, p =0.000]. In Wilcoxon-signed rank tests, only Pleasantness of
the traffic noise at distances of 9, 19 and 50 m have significant differences between the with- and
without-views conditions (p < 0.05).

The first row of Table 2 illustrates the mean values of the four characteristics of the road traffic
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noise and birdsong environment at distances of 1, 4, 9, 19 and 50 m with and without the pictures
of in-situ scenes being played. As shown in Table 2, Pleasantness showed an increase of 1.3 at a
distance of 9 m, an increase of 1.6 at 19 m and an increase of 1.2 at 50 m when the in-situ scenes
were played. Fig. 9 further illustrates the statistical distribution of the evaluation scores of
Pleasantness with and without the in-situ scenes.

—
=]

|| 47.5dBA car passing  62.5dBA car passing B without v |5|W_ﬂ _
I I g | 1thout view | 1th view

ﬁ i

2 3 4 5 6 1m im 9m 19m 50m
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Occurrence frequency of bird chirping Distance

Fig. 8. Box-and-Whisker Plots of the Fig. 9. Box-and-Whisker Plots of the
psychological evaluations of Pleasantness of psychological evaluations of Pleasantness of
the road traffic noise environments with the road traffic noise environments at
different occurrence frequencies of birdsong distances of 1, 4, 9, 19 and 50 m from the
(2, 3, 4, 5 and 6 times), showing the road with and without view of in-situ scene,
statistical distribution of the evaluation showing the statistical distribution of the
scores. evaluation scores

IV.DISCUSSIONSAND CONCLUSIONS

This study aimed to explore how four factors, namely the distance from a sound source, loudness
of a masker, occurrence frequencies of a masker, and visibility of sound sources, influence the
masking effects of birdsong on the road traffic noise environment using psychological listening
experiments. The study firstly examined the factors that were raised from landscape, urban
planning and avian behaviour in real situations. A key finding is that in terms of human auditory,
significant informational masking exists between narrow-band (birdsong) and wide-band sounds
(traffic noise) with meaning in daily life, and it is significantly influenced by the contextual
factors. The results of the study can be used in optimising soundscapes including traffic noise
environments.

The masking effects of birdsong on road traffic noise indeed exist in terms of perceived
Naturalness, Annoyance and Pleasantness at different distances of the receiver from a road.
When adding birdsong, Perceived Loudness does not change, but Naturalness is largely
enhanced. Therefore, birdsong can be considered an important sound marker of naturalness in the
urban sound environment. When the receiver is at a certain distance from a road (i.e., farther than
19 m in this study), Annoyance can be significantly reduced and Pleasantness increased by
adding audible birdsong, therefore, creation of bird habitats is an efficient way to improve the
quality of soundscape dominated by traffic noise.
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In agreement with the distances from a road, when birdsong loudness increases (i.e., from 37.5 to
52.5 dBA), the masking effects become more significant in terms of Naturalness, Annoyance and
Pleasantness. It is surprising that when the birdsong is 52.5dBA, the Perceived Loudness of the
quiet traffic noise environment is slightly lower than that when the birdsong is 37.5dBA,
although they are not significantly different statistically. This phenomenon may be explained by
examining the responses of an interview session after the experiment: when people heard
birdsong, they described the sound environment with words as “natural” and “pleasant” rather
than “loud”, suggesting that naturalness and pleasantness may distract people’s attention from
loudness. Louder birdsong was evaluated to have higher naturalness and pleasantness’°, which
may result in less attention on loudness. Irrespective of masker loudness, Annoyance due to the
traffic noise environment increases and Pleasantness decreases sharply when the traffic noise is
louder than 47.5 dBA. Annoyance increases with an increase in the sound pressure level of
birdsong when the traffic noise is loud (higher than 57.5 dBA). Therefore this data suggests that
adding natural masking sounds alone without attenuating traffic noise level is ineffective in
improving soundscape quality.

The occurrence frequency of birdsong, similarly to birdsong loudness, influences the masking
effects in terms of all soundscape characteristics except for Perceived Loudness. In relatively
quiet traffic noise environments (47.5 dBA), when the occurrence frequency increases from 2 to
6 times, Naturalness increases steadily from 4.7 to 6.4, Annoyance decreases slightly from 2.3 to
1.3, and Pleasantness increases significantly from 2.7 to 6.7. The occurrence frequency of
birdsong has a greater effect on Pleasantness than Naturalness and Annoyance. When the traffic
noise is noisy (62.5 dBA), the occurrence frequency of birdsong has little influence on the
masking effects. Visibility of sound sources influences the masking effects of birdsong, but this
influence is not as great as that of the three other factors. It appears that the assessments of
Pleasantness (at 9, 19 and 50 m) are more strongly affected by the visibility of sound sources,
which may be attributed to the increased spatial awareness’' gained by adding visual information.
The visibility of sound sources hardly affects masking in terms of Perceived Loudness,
Naturalness and Annoyance.

The relationships among the four soundscape characteristics were also examined by statistical
analysis. For the soundscape dominated by road traffic noise investigated in this study,
Annoyance was determined to have a significant positive relationship with Perceived Loudness
and a negative relationship with Naturalness, whereas Pleasantness was observed to have a
significant negative relationship with Perceived Loudness and a positive relationship with
Naturalness. As stated by De Coensel et al'?, one possible explanation is that lower amount of
attention paid to the traffic noise caused by adding natural sounds leads to a reduction of
perceived loudness and significant improvement of soundscape pleasantness.

This study covered a relatively wide sound pressure level range of traffic noise, from 42.5 to 69.8
dBA, representing both noisy and quiet traffic noise environments. The recording distances
ranged from 1 to 50 m from the main city roads. While the masking effects were more significant
in the road traffic noise environments with lower sound levels (e.g. <52.5 dBA), or of distance
from traffic (e.g. >19 m), further study can be carried out with higher sound levels (e.g. highway),
and/or shorter distance to traffic.
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In accordance with the previous study'*, monaural recordings of birdsong were employed in the
study, because the four factors that are the only variables in each comparable group should be
examined in the controlled contexts. When compared with monaural recordings, binaural
recordings include more uncontrolled spatial information (e.g. directions of high frequency
sound-birdsong). Single recordings that were played back in the experiment had acceptable
realism, which can be validated in the interview after the experiment®’. To do further study on
the examination of influence of spatial information on the masking effects, binaural recording
will be considered. Birdsong is effective at masking quiet traffic noise, so further studies will
also investigate what sounds can more effectively mask loud traffic noise.
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