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According with soundscape strategies to improve the perception of the sound environment, laboratory studies 
have proven that introducing water sounds into urban spaces can be both an effective strategy for the 
informational-attentional masking of road traffic noise, and restorativeness creation. To extend previous 
laboratory findings and test the effectiveness and applicability of different spatial variations of water sounds 
in urban parks, a sound installation was prepared, and an experiment was conducted. Three different position-
varied water-sound sequences were augmented into an existing University campus green park through surround 
sound design method with four Bluetooth loudspeakers. The mental effects and attention process were 
assessed by analyzing the EEG signals including aperiodic, oscillatory components and sensor-level functional 
connectivity, along with psychological scales. The water sounds played in-situ, brought more visual processing 
related to spatial attention and stimulus-driven salience. And the changes in the alpha band and the related 
theta/alpha ratio among four conditions showed more relaxation state induced by the introduction of water 
sounds, consistent with the positive effects on emotion saliency and perceived restorativeness. Moreover, 
different spatial variations of water sounds, especially for the two-position switching setting, modulated the 
activity of the attentional network related to the restoration process via the alpha-theta synchronization.
1. Introduction

1.1. Integrating water sounds into urban parks

Water features are commonly used in urban public spaces for multi-
ple benefits, including visual appreciation, noise masking and recre-
ational activity [1]. As a noise control strategy for its mitigation 
function, the introduction of water objects into noisy environments 
has been investigated in earlier works. Perkins (1973) observed the 
sound of water could mitigate the negative effects of traffic [2]. Booth 
(1989) [3], and Brown and Rutherford (1994) [4] started to investi-
gate different water structures in landscape design for masking un-
wanted noise including still water structure, moving water structure, 
and fountains. Yang and Kang (2005) [5,6], and Yu and Kang (2008) 
[7] found human preference for water sound among natural sounds 
in noisy urban squares. The presence of water in both natural and 
built scenes was associated with higher preferences, higher pleasantness 

* Corresponding author.

and higher perceived restorativeness than those without water [8]. The 
sounds of streams/rivers and fountains have shown strengthened effects 
on mitigating urban traffic noise [9–11], increasing auditory amuse-
ment [9–11], inducing mental relaxation [12], and enhancing perceived 
restorativeness [12]. More evidence has proven the positive effects of 
the water space on affective outcomes [13,14], life satisfaction [13,14], 
and restoration with mental health [13–15].

To investigate the effects of various acoustical characteristics of 
water sound on human perception in noisy environment, soundscape 
approach is quite adopted in recent years [9,16–19]. Soundscape was 
originally defined as “the quality and type of sounds and their ar-
rangements in space and time” [20,21] and then has been extended 
to describe auditory perception of urban acoustic environment [22,23]. 
Many studies have tested various water features at different physical 
settings to optimize the soundscape quality and the desired sound lev-
els to set the water sounds playback, such as the distance of water 
fountain [24], number of sound sources [25], type of water sounds 
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(fountains/streams/water sculptures/waterfalls) [9,26,27], water spec-
tral features [28,29], type of noise sources [30–32] and other environ-
mental factors like landscape features [33], temperature [34] and so on. 
Jeon et al. (2012) found the sharpness of the water sound was a dom-
inant factor for urban auditory perception, and water sound brought 
more description of “freshness” and “calmness” would lead to higher 
human preferences [28]. To be noted here, for the settings of signal-
noise ratio between water sound and traffic noise, it is well-accepted 
that water sounds at levels 3dB lower than traffic noise could achieve 
better mitigation effects [9,30,35]. Besides, spatial organization also 
plays a role in auditory perception in acoustical environments. Evidence 
showed that spatial separations of water sounds and noise sources in-
fluence the perceptual assessments [17,36].

Soundscape approach provides the perceptual and emotional effects 
of wanted sounds in noisy environments like traffic noise, but more 
work needs to be done to reveal the internal interaction between the 
wanted sound and traffic noise in daily-life acoustical environments 
for landscape design and environmental promotion. Auditory attention 
is a cognitive process that modulate the perception of sound events 
/ streams as well as control how we derive and interpret the natu-
ral acoustical events / streams of everyday life [37]. Cocktail party 
effect has been seen as a typical example of the listener’s ability to 
derive information from one stream of speech in the presence of oth-
ers in multi-talkers scenarios [38,39]. But not just related to concrete 
linguistic information, attention process has broader scope refers to 
perceptual or cognitive information in complex environment from the 
cognitive perspective [37]. Posner (1980) posited a distinction between 
two kinds of attentional orienting mechanisms, endogenous and exoge-
nous. Because an endogenous cue relies on the use of information, it is 
thought to elicit top-down control, while the more primitive response 
to an exogenous cue is thought to be based on bottom-up processes 
[40,37]. As explained by Kaplan and colleagues’ studies on the At-
tention Restoration Theory (ART), while voluntary attention requires 
cognitive efforts for its activation, sustainment, and to take distractions 
under control through inhibition, involuntary attention is more auto-
matic and bottom-up stimulus-driven. In this sense, in realistic acous-
tical environment, the background noise of context plays an important 
role in activating or not our attention. In urban environments where 
people attempt to escape from road traffic noise, the latter acts as a 
bottom-up stimulus that triggers voluntary attention to overcome the 
unwanted noise. It is exactly the contrary of what happens in natural 
environments, where voluntary attention is not needed for the activa-
tion of the bottom-up stimuli, making them spaces rich in restorative 
power [41].

The attention re-orienting from unwanted sounds (like traffic noise) 
to the desired or “target” sound at a variety of levels in auditory per-
ception is well-described by the term so-called “masking” effects. And 
the “masking” effects have been divided into two categories: “informa-
tional masking,” and the complementary term “energetic masking” with 
which it is usually associated and contrasted, first appear in the auditory 
literature was a meeting abstract by Irwin Pollack from the Acoustical 
Society of America in 1975 [42]. The informational masking was firstly 
investigated through multi-tone masking experiment by manipulating 
the uncertainty of an element of a sequence of tones [43–45]. Then 
the concept has been widely used in speech field for understanding the 
speech processing with voluntary attention. Late Best et al. (2005) re-
ported a study in which human listeners were trained to identify the 
calls of songbirds. They found spatial separation of target and masker 
sounds could alter masking effects through mechanisms that are not 
specific to speech [37,46]. More works have investigated informational 
masking with no-speech stimuli [47–49] with wider contexts related to 
auditory process including auditory object formation [50], sound source 
segregation [51], and auditory scene analysis [52,53]. Nowadays, stud-
ies of informational masking span a wide range of experimental stimuli 
and tasks as well as researchers believe that informational masking is 
2

the result of the actions of multiple stages of processing beyond the 
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auditory periphery and is intimately connected to perceptual grouping 
and source segregation, attention, memory, and general cognitive pro-
cessing abilities [37].

Until recent years, in agreement with the previous research, the 
mechanism of informational masking, also seen as “attentional mask-
ing” [54], originally applied on speech intelligibility (or at most to 
some verbal task) when the action of listening occurred in a noisy con-
text, has also been tested, with success, to explore its use in helping to 
prohibit recognizing or understanding of unwanted sounds (e.g. traffic 
noise) [55] in everyday sound environments [46,56]. In particular, in 
the field research areas of the environmental acoustic and soundscape 
several scholars [57–59] have highlighted the importance of the mean-
ing associated with the perceived noise/sound in the appreciation of the 
soundscape, and on the key role of attention. The main applications of 
informational-attentional masking concern the use of nature’s sounds 
(fountains, waterfalls, water streams and birds) below the road traf-
fic noise level which were used to improve the perceived urban sound 
quality [26,28,30,54,10,60,31,61,62].

1.2. Real field neural-psychological measurement

To measure the psychological outcomes of real-field sound envi-
ronments on human responses and mental health, various semantic 
scales were developed based on different principles and protocols. Most 
used items can be sourced from the circumplex model of the Swedish 
Soundscape-Quality Protocol (SSQP), characterizing the perceived qual-
ity from eight items including pleasant, chaotic, vibrant, uneventful, 
calm, annoying, eventful, and monotonous [63,64]. The Perceived 
Restorativeness Soundscape Scale (PRSS) [65] is also quite used for as-
sessing psychological restoration effects of soundscapes based on the 
Attention Restoration Theory (ART) [66,67]. Masullo et al. developed 
and compared two different questionnaires focused on assessing the 
emotional salience of sounds. The first questionnaire was built from the 
circumplex model of soundscape perception, whereas the second was 
constructed from emotional dimension of sounds. The results showed 
that the latter questionnaire revealed the positive and negative dimen-
sions of the sounds more reliably and clearly than the first [68]. More 
works are still needed for clarifying the impact of sonic environment on 
human through oral reports.

The development of wearable sensing technology provides more op-
portunities to unveil the multifaceted influences of real environments 
on human minds and behaviors. Compared to the post-hoc oral reports, 
the greatest strengths of electrophysiological measurements of human 
neural responses are objective and reliable to the external environ-
ments. Those neuroscience tools reveal neural mechanisms underlying 
cognitive and emotional processes elicited by the exposure to different 
urban built and natural spaces, which could provide scientific evidence 
for policy-making on improved urban mental health [69,70]. Electroen-
cephalogram (EEG) is a widely adopted technique advantaging from 
non-invasive and direct measures of neuronal activity [71]. Various 
studies have investigated the neural effects of real-field natural or built 
environments with their soundscape qualities on the human mind and 
mental health through EEG measurements [72–76]. Those studies have 
tried to connect the positive effect of natural elements with the pat-
terns of the alpha band, which was considered a neural indicator of 
relaxation and comfort state. However, rather than changes in the alpha 
band, changes from the theta [74], beta [73,77,75,76] and gamma-band 
[75] were observed, which were inconsistent with image-based studies 
[78–80]. Moreover, the ratios of different frequency bands were also 
investigated for detecting concrete mental state, including stress, emo-
tion, mental fatigue, cognitive workload etc. [81]. Few cases, however, 
have referred to blue spaces or acoustical aspects among those in-situ 
neural-psychological investigations of natural environments. Li et al. 
compared the soundscape components and EEG reactions in typical 
mountainous urban parks. The results showed that the relative power 

of the alpha band was more evident at the birdsong-dominant site than 
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at the traffic-noise-dominant site, under both the audio-only and audio-
visual conditions. Besides, more restorative EEG reactions were found 
within the audio stimuli than within the audio-visual stimuli [82]. And 
Koivisto et al. found stronger activity in the lower alpha band in the 
nature sound scenario than in the industry ones [83].

Not just as neural indicators of perceived environments, but electro-
physiological measures can also shed light on the processes of auditory 
attention linked to noise masking. From the field of speech processing, 
the changes of whole-brain functional networks were used to decode 
the attention orientation of auditory streams [84,85]. Other study tried 
to use the EEG response for brain-computer interface application to de-
tect locked-in syndrome (LIS) patients’ auditory attention through the 
ERP paradigam called auditory steady-state response (ASSR) [86]. In 
real urban scenarios, Chen et al. (2020) compared the neural responses 
and psychological assessments of affective and cognitive functioning 
when participants were exposed to a restorative garden and traffic noise 
environment to explore the neural mechanism of environmental restora-
tive experiences. They found stronger and more efficient alpha-theta 
synchronization during restorative experience indicating the induce of 
fatigue recovery, as well as stronger alpha-theta oscillations in the oc-
cipital lobes linking to attention restoration [87]. This methodology 
provides the potential to interpret the fundamental mental processes 
induced by the mask sounds in noisy environments regarding acoustic 
comfort, health, and well-being to enable policymakers and designers 
to extrapolate solid results.

1.3. Study purpose

To extend the applications of the introduction of water sounds into 
noisy environment, more design features are needed to consider. In real 
life scenarios, water fountains in urban parks are already demonstrated 
diverse spatial characteristics for aesthetic appreciation and recreation 
activities [88–90]. Inspired by previous works, we take spatial variation 
setting of water sound into account, assuming they could improve the 
perceptual attention of water sounds and cause better mitigating effects. 
Our previous online and laboratory studies showed more restoration 
state induced by water sound sequences from the EEG measurements 
including the alpha band power and alpha-beta power ratio. And the 
spatial variations of the water sounds, especially for the setting of two-
position switching water, brought more attentional network activations 
than fixed position water sequences related to the information mask-
ing process along with positive feelings and perceived restorativeness. 
But lacking of visual contexts and multisensory environments, those re-
sults could be biased and further investigation are needed [91,92]. For 
practical consideration, introducing a real water infrastructure could 
be impossible for research purpose due to the difficulties from multi-
ple aspects like space limitation, non-availability of water resource and 
high cost of infrastructure maintenance and so on. Learning from the 
works of practical designers and researchers by using digital methods 
like screen casting [93–95], loudspeakers playing [96–98] and interac-
tive augmentation [99] in urban parks, augmented sound design was 
adopted for the introduction of water sound into urban park in the 
study.

This study used three different spatialized water-sound sequences 
played by four Bluetooth loudspeakers in an existing campus park to 
investigate their effects on informational masking of road traffic noise 
and restoration effects. Through Electroencephalogram measurements 
and psychological assessments, the general mental states revealed by 
the brain oscillation and attention restoration indicated by the brain 
connectivity network changes can help us discover the potential ap-
plication of augmented sound design in landscape designing and noise 
3

controlling.
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2. Method

2.1. Experimental design

Within-participants experiment designs were adopted for an in situ 
study. The Independent Variable (IV) was the spatial variation setting of 
water sounds played by four Bluetooth loudspeakers. Four levels of the 
IV included: Frontal position-fixed water sound (FPW); Two-position 
switching water sound (TSW); Four-position-randomized water sound 
(FMW); Road Traffic Noise only (RTN). TSW will include four different 
settings: frontal-left pair, frontal-right pair, back-left pair, back-right 
pair (frontal-back and left-right will be excluded to avoid distance dif-
ferences of two-position pair).

The Dependent Variables (DVs) were the psychological assessments 
including general questionnaire about the characteristics of the sound 
environments [91], emotional saliency [68], Being-away and Fascina-
tion dimensions’ items of PRS-11 [92] and the neural responses ob-
tained by a wearable EEG device.

The hypotheses were: 1) Water sounds with spatial variations could 
evoke different attentional processes compared to traffic noise and pro-
mote more positive effects on mental states in a campus green space; 
2) Compared to our previous laboratory environment, the spatial wa-
ter sounds could bring more sensory accumulation and cause greater 
activation of brain activity in in-situ multisensory environment.

2.2. In situ set-ups

The site selected for the measurements of road traffic noise and the 
in-situ experiment was the open area on Podium adjacent to block Q in-
side the campus of the Hong Kong Polytechnic University (see Fig. 1). 
Facing the main road with heavy traffic noise in the district, the in-
situ scenarios consisted of different kinds of flowers and trees in front 
of the sitting position of subjects, which could bring the visual inputs 
and more immersive context for human perception in urban parks. The 
test scenario was set as follows: subjects were sitting in the center of 
wide-open spaces facing the main road, and four Bluetooth loudspeak-
ers (SONY SRS-XB23, SONY, Japan) were positioned at four directions 
(Frontal/Back/Left/Right) with same distances (1.2 m) to the subject 
sitting position (the height of loudspeakers were 21.8 cm). A sound 
level meter (SLM) (B & K 2270, Brüel & Kjær, Denmark) was set par-
allel to the sitting position (the height was set as 1.2 m) and the same 
distance to the nearest loudspeaker for real-time sound level monitor-
ing of traffic noise (see Fig. 2). The playback of water sounds from the 
four Bluetooth speakers was programmed by the Pyo library, the sound 
pressure level (SPL) of produced water sounds was calibrated in the 
anechoic chamber (6𝑚 × 6𝑚 × 3𝑚, background noise level < 15 dB(A)) 
of the Dept. of Mechanical Engineering of the Hong Kong Polytechnic 
University) before the experiment. During the experiment, the volume 
of water sounds played by each speaker would be controlled by python-
based scripts to match -3 dB(A) to the SPL of traffic noise measured by 
SLM in real-time.

As mentioned in the experiment design part, four levels of spatial 
variations were defined as: Frontal Position-fixed Water sound (FPW), 
a Two-position Switching Water sound (TSW) and a Four-position-
randomized Moving Water sounds (FMW), and empty water sound, all 
of them combined the Road Traffic Noise (RTN) on the frontal position 
as background. FPW was set as a fixed position of water sound in the 
frontal position with road traffic noise as background. As for TSW set-
tings, four two-position pairs were defined: the frontal-right, right-back, 
back-left, and left-front pairs (only adjacent positions were considered 
for avoiding the distance differences of two-position pairs). The dis-
tance between each position soundtrack up to the subject was the same 
as FPW. For FMW, the pseudo-random routine of the water sound se-
lected from four-position (frontal/back/left/right) was defined. Based 
on the results of our past research on the positive emotional effects 

[100,101] and noise masking effects [92,91] of stream water sounds 
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Fig. 1. The campus green park chosen for the in-situ experiment: (a) the google map of the selected campus park; (b) the isometric map of the test site; (c) the 
human perspective images from four directions of the test park.

Fig. 2. The set-ups in the campus park for in situ test.
in urban parks, the type of water sound we chose was stream water, 
and two water-stream soundtracks were created based on the previous 
study [91], combined repeated 5 s of water stream sound (to assure 
the auditory stimuli have been fully processed and could trigger echoic 
memory based on previous studies [102–105]) with 2 s of fade-in and 
fade-out (see Fig. 2a, water stream sound was recorded by Zoom H6 
Hand-Recorder device with Rode NTG – 2 microphone), alternating fill-
ing in the timeline with 2 s of overlap (see Fig. 3.).

Before the experiment, the sound pressure levels (SPL) of the RTN 
condition during the whole daytime period were measured by the B & 
K sound level meter in the test site as the references of the SPL settings 
of water sounds (see Fig. 4.). The relationship between the sound levels 
of water sound playback and the volume settings of the four loudspeak-
4

ers was constructed by the sound level measurements of three-volume 
level settings (75%/85%/100%) in the anechoic chamber (space size: 
6𝑚 ×6𝑚 ×3𝑚, background noise level <15 dB(A), at the Department of 
Mechanical Engineering in the Hong Kong Polytechnic University) with 
same set-ups in in-situ test (the height of sound level meter was set as 
1.2 m referenced from the normal ear height when sitting)(see Fig. 4.). 
To achieve the produced sound pressure level of stream water sound 
in the listener’s position was 3 dB(A) lower than the SPL of recorded 
traffic noise, we also tested different distance settings of the four loud-
speakers to the listener position, and at the end we chose the distance 
of 1.2 m for ideal distance setting. During the experiment, B & K sound 
level meter was also used to record the SPL of the environment. No-
tably, the SPL measured during the RTN condition was used as baseline 
for the volume setting of the water sounds to matching -3 dB(A) to the 

SPL of traffic noise.
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Fig. 3. The audio materials for the experiment and their configurations through Pyo library.

Fig. 4. The acoustical measurements of traffic noise in the test site (a) and water sounds playbacks from the loudspeakers (b) with different volume settings and the 
measured sound pressure level (LAeq) data (c) in an anechoic chamber.
2.3. Experiment procedure

Twelve subjects gave informed consent and were instructed to sit 
in the chosen site of the campus park. Before the formal experiment, 
the subjects completed the initial set of questions in the question-
naires, containing basic information such as age (Mean age: 23.8; 
st.dev.: 5.0), gender (Male: 5; Female: 7), working environment, We-
instein Noise Sensitivity Scale [106] (Mean score: 3.3, st.dev.: 0.7), 
and Positive and Negative Affect Schedule (PANAS) [44] (Positive 
score: 20.7, st.dev.: 10.3. Negative score: 19.0, st.dev.: 10.2). After 
the preparation for the EEG headset (DSI-24, Wearable Sensing Ltd, 
USA) wearing and passing impedance check along with the starting 
of the sound level meter measurements, subjects were told to close 
their eyes for 3min relaxing. Then the formal experiment proceeds as 
5

showed in Fig. 5: (1) 3-min-long traffic noise-only open-eye listening 
(RTN); (2) psychological questionnaires answering; (3) 1-min-long in-
terval for breaking; (4) repeating foregoing steps (1-3) with different 
spatial setting of sounds for four times (one for FPW, FMW separately, 
two TSW conditions were randomly selected from the four TSW condi-
tions). The psychological questionnaires were presented online http://
braincoder .io /spatial _sound /in _situ/ through a tablet (Apple iPad Air 
3, Apple, USA) with the advantage of randomized items inside each 
scale. Finally, the subject took another 3-min rest with his/her eyes 
closed. The orders of four water sound conditions were balanced be-
tween subjects. The neural activities of two eye-closed periods were 
used for baseline correction for EEG analysis. The Ethical Committee 
for Scientific Research of the Department of Architecture and Industrial 
Design at the Università degli Studi della Campania “Luigi Vanvitelli” 
approved the protocol (documented in the department by the Ethics 

Committee of the department with the code 2021CERS03).

http://braincoder.io/spatial_sound/in_situ/
http://braincoder.io/spatial_sound/in_situ/
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Fig. 5. The experiment procedure.

2.4. Data pre-processing and EEG analysis

The continuous EEG data were imported into MATLAB and EEGLAB 
toolbox [107] and pre-processed using the automated PREP pipeline 
for data cleaning [108]. One subject was excluded because of less clean 
data (the percentage of invalid data of that subject was higher than 
50%). Then a 1-45 Hz band-pass filter was applied. After re-referencing 
the EEG signal to the average (except for A1 and A2 mastoid electrodes), 
their independent components were calculated using the Infomax al-
gorithm [109]. Eye-blink and ocular movement artifacts were deleted 
based on the standard topographic profiles of the individual compo-
nents and the distinctive temporal pattern. After the removal of eye-
movement artifacts, the EEG data of each subject during each condition 
were extracted.

The cleaned EEG data were analyzed using MATLAB EEGLAB tool-
box [107]. The power spectral density (PSD) of each electrode in each 
condition was computed by the “spectopo” function in EEGLAB. EEG 
signal could be decomposed into periodic (oscillations) and aperiodic 
(offset, exponent) signals [110]. Aperiodic component can be charac-
terized by a 𝑦 + 1∕𝑓𝑥 function, where 𝑦 is the offset parameter, reflects 
the uniform shift of power across frequencies, and the 𝑥 parameter, 
referred to the pattern of aperiodic power across frequencies of the 
PSD. The periodic components and aperiodic components of PSD were 
computed by the Irregular-Resampling Auto-Spectral Analysis (IRASA) 
method [111] referencing the code from the open-source tool Yasa 
[112]. As for the oscillation analysis, the mean powers of each fre-
quency band (delta band was defined as the range of 1 to 4 Hz; theta 
band: 4-8 Hz; alpha: 8-13 Hz, beta: 13-30 Hz, low-gamma: 30-45 Hz) 
were extracted from the PSD of each electrode. The relative power of 
each electrode of each frequency band was calculated by dividing the 
given band power with the sum of full-band power (from 1 to 45 Hz). 
The interested electrodes were divided into five regions: the frontal 
(Fp1, Fp2, F3, F4), left temporal (F7, T3, T5), central (Cz, C3, C4), 
right temporal (F8, T4, T6) and posterior regions (P3, P4, O1, O2), re-
spectively. The relative power for each band and the power ratios for 
different frequency bands were averaged in each region. The ratios of 
power for different frequency bands in each electrode was also com-
puted for related frequency band ratios, including P(delta)/P(theta), 
P(theta)/P(alpha) and P(alpha)/P(beta), then were grouped into same 
defined regions.

Because of the limited number of electrodes of the EEG headset we 
used, EEG sensor-level connectivity analysis was conducted for network 
coherence analysis. Lacking the source information of concrete brain 
neuroanatomy locations leading to brain functional connectivity, five 
regions defined in EEG spectral analysis were also used for represent-
ing the temporal changes of functional networks of the brain in regional 
6

scale (referring to frontal, occipital, parietal, and temporal lobes). The 
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3-minute EEG data during each sound condition were epoched by 7 s 
fixed length and analyzed by MNE toolbox using spectral connectivity 
algorithm [113]. The spectral connectivity was computed for the debi-
ased weighted Phase Lag Index (dwPLI). dwPLI is a debiased estimator 
of the squared wPLI developed by Vinck et al. [114], correcting for 
sample-size bias in phase-synchronization indices.

3. Results

3.1. Psychological assessments

The SPLs of the four conditions measured during the experiment 
were nearly the same (𝐹 (4, 32) = 0.778, 𝑝 = 0.515, 𝜂2 = 0.004, 𝜂2

𝑝
=

0.006). And the traffic noise annoyances were decreased by the dif-
ferent settings of water sounds compared to the RTN condition, but 
the differences between water sound conditions were not statistically 
significant (𝐹 (4, 32) = 5.032, 𝑝 = 0.006 ∗∗, 𝜂2 = 0.098, 𝜂2

𝑝
= 0.314). 

The two dimensions of the Perceived Restorativeness Scale (PRS-11) 
[115] items differed between traffic noise and spatial water sound 
conditions, and the highest scores were both in FMW condition (being-
away: 𝐹 (4, 32) = 3.763, 𝑝 = 0.020 ∗, 𝜂2 = 0.090, 𝜂2

𝑝
= 0.255; fascination: 

𝐹 (4, 32) = 4.297, 𝑝 = 0.012 ∗, 𝜂2 = 0.074, 𝜂2
𝑝
= 0.281) (see Fig. 6).

From the results of objective descriptors of each sound condition 
(naturalness, mechanicalness, smoothness, rhythmicalness, spacious-
ness, and familiarity) [91,92], most descriptors were distinguished be-
tween four conditions (see Table 1 for the ANOVA test results). Subjects 
felt more mechanical and less natural with traffic noise rather than wa-
ter sound conditions, especially for FMW condition. And more rhythmic 
and smooth features were detected from FMW and TSW conditions than 
from traffic noise. Consider of the emotional feelings used the positive 
component (averaging from the scores of pleasant, attractive, stimu-
lating, happy, energetic, calm items) of the emotional saliency’s (ES+) 
and the negative component (ES−, averaging from the scores of un-
pleasant, unattractive, boring, sad, weak, nervous items) for evaluation 
[68,91,92], both emotional saliency (ES+∕−) results indicated positive 
effects of all water sounds compared to traffic noise from the ANOVA 
post hoc test. But no significant differences between water sound con-
ditions were found. Specifically, the main differences existed in two 
positive emotional items (calm/energetic) and three negative emotional 
items (unpleasant/unattractive/boring). All water sounds brought more 
calm effects and felt less unpleasant (especially for FMW condition). 
FMW and FPW condition were more energetic and less unattractive 
and boring than RTN condition (see Fig. 6 for post hoc compari-
sions).

3.2. EEG spectral results

The spectral offset differences of aperiodic component of PSD were 
particularly observed between different brain regions. Posterior re-
gion was significantly different from other regions under all conditions 
(𝐹 (4, 32) = 15.675, 𝑝 < 0.001 ∗∗∗, 𝜂2 = 0.185, 𝜂2

𝑝
= 0.201). But there no 

significant changes among different acoustical conditions (𝐹 (3, 24) =
0.772, 𝑝 = 0.521, 𝜂2 = 0.026, 𝜂2

𝑝
= 0.035). The interactions between 

sound conditions and brain regions suggested that the dissimilarity 
between brain regions of water sound conditions were greater than 
RTN condition (𝐹 (12, 96) = 2.250, 𝑝 = 0.015 ∗, 𝜂2 = 0.050, 𝜂2

𝑝
= 0.064) 

(see Fig. 7). The spectral exponent of aperiodic component of PSD 
didn’t change differently between RTN and water sound conditions 
(𝐹 (3, 24) = 0.757, 𝑝 = 0.529, 𝜂2 = 0.017, 𝜂2

𝑝
= 0.018) or brain regions 

(𝐹 (4, 32) = 2.219, 𝑝 = 0.089, 𝜂2 = 0.035, 𝜂2
𝑝
= 0.036). The periodic com-

ponents of PSD both revealed remarkable reactions between sound con-
ditions (𝐹 (3, 24) = 4.270, 𝑝 = 0.015 ∗, 𝜂2 = 0.080, 𝜂2

𝑝
= 0.096) and brain 

regions (𝐹 (4, 32) = 7.120, 𝑝 < 0.001 ∗∗∗, 𝜂2 = 0.114, 𝜂2
𝑝
= 0.131). The 

relative power of the delta/theta/alpha/beta bands all showed signifi-

cant differences among four conditions in the whole brain. All water 
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Table 1

The statistical results of objective descriptors and emotional saliency between four conditions. The stars indicated the significance level of the ANOVAs results: * 
𝑝 < 0.05; ** 𝑝 < 0.01 and *** 𝑝 < 0.001.

Objective Descriptors Emotional Saliency

Items F value p value 𝜂2 𝜂2
𝑝

Items F value p value 𝜂2 𝜂2
𝑝

Items F value p value 𝜂2 𝜂2
𝑝

Natural 3.065 0.042* 0.154 0.218 Pleasant 1.529 0.225 0.057 0.122 Unpleasant 8.133 0.000*** 0.207 0.425
Mechanical 4.990 0.006** 0.110 0.312 Attractive 1.335 0.280 0.045 0.108 Unattractive 3.661 0.022* 0.139 0.250
Smooth 3.713 0.021* 0.070 0.188 Stimulating 0.341 0.796 0.010 0.030 Boring 3.735 0.021* 0.113 0.253
Rhythmic 8.782 0.000*** 0.298 0.444 Happy 0.995 0.408 0.031 0.083 Sad 0.811 0.497 0.023 0.069
Spacious 0.064 0.978 0.004 0.006 Energetic 3.250 0.034* 0.056 0.228 Weak 0.778 0.515 0.031 0.066
Familiar 1.037 0.389 0.038 0.086 Calm 4.922 0.006** 0.144 0.309 Nervous 1.523 0.227 0.045 0.122

ES+ 2.935 0.048* 0.076 0.211 ES- 4.214 0.013* 0.126 0.277

Fig. 6. The mean scores and standard errors of psychological assessments: (a) the objective descriptions between four sound conditions; (b) the subjective results 
related to noise annoyance, two dimensions of PRS-11, and the emotion saliency between four conditions. The stars indicated the significance level of the ANOVAs 
post-hoc results: * 𝑝 < 0.05; ** 𝑝 < 0.01 and *** 𝑝 < 0.001.

Table 2

The statistical results of the spectral power of different frequency bands between four conditions from different brain regions. The 
stars indicated the significance level of the ANOVAs results: * 𝑝 < 0.05; ** 𝑝 < 0.01 and *** 𝑝 < 0.001.

brain region
delta theta alpha

F value p value 𝜂2 𝜂2
𝑝

F value p value 𝜂2 𝜂2
𝑝

F value p value 𝜂2 𝜂2
𝑝

Frontal 6.636 0.001** 0.125 0.399 6.238 0.002** 0.190 0.384 8.469 0.000** 0.160 0.459
Central 9.227 0.000** 0.184 0.480 4.568 0.009** 0.130 0.314 8.758 0.000** 0.168 0.467
Left 6.442 0.002** 0.113 0.392 5.641 0.004** 0.166 0.361 7.429 0.001** 0.149 0.426
Right 9.533 0.000*** 0.141 0.488 4.639 0.009** 0.149 0.317 8.908 0.000** 0.167 0.471
Posterior 8.095 0.000** 0.148 0.447 7.054 0.001** 0.190 0.414 8.490 0.000** 0.155 0.459
Total 8.209 0.000** 0.143 0.451 6.011 0.003** 0.176 0.375 8.844 0.000** 0.162 0.469

brain region
beta gamma

F value p value 𝜂2 𝜂2
𝑝

F value p value 𝜂2 𝜂2
𝑝

Frontal 2.899 0.051 0.063 0.225 0.170 0.916 0.003 0.017
Central 6.634 0.001** 0.134 0.399 0.948 0.430 0.037 0.087
Left 3.434 0.029* 0.064 0.256 0.252 0.859 0.004 0.025
Right 6.765 0.001** 0.096 0.404 1.241 0.312 0.014 0.110
Posterior 5.371 0.004** 0.099 0.349 0.553 0.650 0.009 0.052
Total 5.004 0.006** 0.090 0.334 0.382 0.767 0.006 0.037
sound conditions had higher relative power of the theta, alpha and 
beta bands than RTN in the most of brain regions, but less relative 
power of the delta band (see Table 2 and Fig. 7 for post-hoc compari-
sions).

From the ANOVA test results, the index of delta/theta ratio showed 
significant differences between different conditions within each brain 
7

region except frontal position (see Table 3). From the post-hoc multiple 
pairwise statistical comparison, RTN ratios were not significantly higher 
than FPW, FMW and TSW in all of brain regions (see Fig. 8a). The 
index of theta/alpha ratio showed significant changes among different 
conditions within each brain region (see Table 3). From the one-way 
ANOVA analysis, the ratios of RTN were clearly higher than those of 
FPW, FMW, and TSW in all of the regions (see Fig. 8b). No significant 

difference of alpha/beta ratio was observed (see Table 3).
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Table 3

The statistical results of the EEG indexes between four conditions with different brain regions. The stars indicated the significance 
level of the ANOVAs results: * 𝑝 < 0.05; ** 𝑝 < 0.01 and *** 𝑝 < 0.001.

brain region
delta/theta theta/alpha alpha/beta

F value p value 𝜂2 𝜂2
𝑝

F value p value 𝜂2 𝜂2
𝑝

F value p value 𝜂2 𝜂2
𝑝

Frontal 3.455 0.073 0.125 0.204 4.521 0.010** 0.118 0.311 1.334 0.282 0.032 0.118
Central 3.455 0.029* 0.158 0.257 6.725 0.001** 0.189 0.402 0.926 0.440 0.015 0.085
Left 3.234 0.036* 0.144 0.244 4.221 0.013** 0.145 0.297 0.545 0.655 0.011 0.052
Right 3.152 0.039* 0.149 0.240 6.484 0.002** 0.165 0.393 0.484 0.696 0.009 0.046
Posterior 2.990 0.047* 0.128 0.230 4.993 0.006** 0.123 0.333 0.758 0.527 0.014 0.070
Total 3.073 0.043* 0.140 0.235 5.562 0.004** 0.147 0.357 0.838 0.484 0.016 0.077

Fig. 7. (a) the average relative power (and standard error) of alpha-band across five regions between four conditions. (b) the power spectrum (in dB) of EEG across 
five regions between four conditions with topography of the alpha band. Stars indicated the significance level of the post-hoc ANOVAs results: * 𝑝 < 0.05; ** 𝑝 < 0.01
and *** 𝑝 < 0.001.

Fig. 8. The mean values and standard error of delta/theta ratios (a) and theta/alpha ratios (b) across different brain regions among four sound conditions. The stars 
8

indicated the significance level of the ANOVAs post-hoc results: * 𝑝 < 0.05; ** 𝑝 < 0.01 and *** 𝑝 < 0.001.
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Table 4

The statistical results of intra-/inter-regional connectivity between four conditions. The stars indicated the significance level of the ANOVAs 
results: * 𝑝 < 0.05; ** 𝑝 < 0.01 and *** 𝑝 < 0.001.

Network Brain region
delta theta alpha beta gamma

F value p value F value p value F value p value F value p value F value p value

Intra regions

frontal 1.4925 0.2366 3.6328 0.0239* 1.3688 0.2712 0.2837 0.8368 1.0031 0.4050
central 0.3659 0.7781 0.0278 0.9936 1.5719 0.2167 1.1691 0.3379 0.0580 0.9813
left 0.8540 0.4756 3.3797 0.0310* 4.6156 0.0090** 4.9673 0.0065** 7.0218 0.0010**
right 0.3912 0.7602 1.8957 0.1516 6.6199 0.0014** 1.8784 0.1545 0.3417 0.7953
posterior 0.5025 0.6835 3.8078 0.0200* 2.0616 0.1264 2.4958 0.0788 0.6492 0.5896

Inter-regions

frontal-central 0.4004 0.7537 0.0936 0.9630 1.4531 0.2471 0.1524 0.9273 0.1471 0.9308
frontal-left 0.4217 0.7388 4.3911 0.0112* 1.8038 0.1678 0.8422 0.4816 3.0285 0.0447*
frontal-right 0.9658 0.4217 2.8922 0.0516 2.2519 0.1027 1.5826 0.2142 1.4573 0.2460
frontal-posterior 2.6633 0.0659 4.2236 0.0132* 1.3693 0.2711 1.2282 0.3167 1.4621 0.2446
central-left 0.9978 0.4073 1.0194 0.3979 2.4952 0.0789 0.2999 0.8252 0.4492 0.7197
central-right 0.7420 0.5354 0.3033 0.8228 4.0646 0.0155* 1.5058 0.2331 0.1098 0.9537
central-posterior 0.2340 0.8720 0.5529 0.6502 1.7258 0.1828 1.3036 0.2914 0.1256 0.9442
left-right 0.2289 0.8755 2.9389 0.0491* 7.0102 0.0010* 0.6426 0.5936 1.2466 0.3103
left-posterior 0.4932 0.6897 3.3127 0.0332* 3.8607 0.0190* 2.2195 0.1064 3.8302 0.0196*
right-posterior 1.9299 0.1460 2.6306 0.0682 5.8032 0.0030** 1.5446 0.2234 0.4464 0.7216

Table 5

The significant results of post hoc multiple pairwise statistical comparison. The ↑∕↓ indicated the column condition had 
higher/lower value than the compared condition.

Frequency Band Network
Brain
Regions

Compared Condition RTN FPW FMW TSW

theta

Intra-region
Left RTN – – – ↑, p=0.007
Posterior FMW – – – ↑, p=0.031

Inter-region
Frontal-Left FMW – – – ↑, p=0.037
Frontal-Posterior RTN – – – ↑, p=0.012
Left-Posterior TSW ↓, p=0.040 ↓, p=0.026 – –

alpha

Intra-region
Left TSW ↓, p=0.010 ↓, p=0.035 – –
Right TSW ↓, p=0.034 ↓, p=0.035 – –

Inter-region
Central-Right TSW – ↓, p=0.027 – –
Left-Right TSW ↓, p=0.006 ↓, p=0.000
Right-Posterior TSW ↓, p=0.037

beta Intra-region Left TSW – ↓, p=0.001 – –

gamma
Intra-region Left TSW ↓, p=0.033 ↓, p=0.007 ↓, p=0.001 –
Inter-region Left-Posterior TSW – – ↓, p=0.037 –
3.3. EEG connectivity results

The dwPLI connectivity results showed significant differences be-
tween four conditions within local regions across frequency bands. In 
the theta band, the main changes were in the frontal, left and poste-
rior position, while in the alpha band, they differentiated in the left 
and right region. The differences of the beta band and gamma band 
also existed in the left region. Meanwhile, the inter-regions connectiv-
ity metrics illustrated crucial changes across frequency bands. In the 
theta band, the connections in the frontal-left, frontal-right, frontal-
posterior, left-right, left-posterior regions were significantly different 
among the four conditions. As for the alpha band, the connections in 
the central-right, left-right, left-posterior, right-posterior regions were 
significantly different. When it came to the gamma band, the inter-
regions had large differences including frontal-left and left-posterior 
inter-regions. (See Table 4 and Table 5 for detailed information.) From 
the post hoc analysis of the theta band connectivity data, the coherence 
of the local posterior region and most inter-regions in RTN condition 
were significantly less than in FPW and TSW conditions. For the alpha 
band connectivity results, the connectivity of TSW conditions in the in-
tra/inter regions were significantly greater than those of FPW and FMW, 
and the latter two were both higher than RTN condition (see Table 5
9

and Fig. 9).
4. Discussion

4.1. The noise masking effects of water sounds on psychological 
assessments

The spatial settings of water sound (including TSW and FMW) im-
proved the mitigating effects of traffic noise compared to FPW condition 
based on the subjective results, including noise annoyance, restorative-
ness qualities and emotional feelings. And the most varying position 
water sound, meaning the FMW condition, brought more positive emo-
tional aspects consistently, implying the importance of the spatial ar-
rangement of water design in urban park. Those in situ results were 
also consistent with the results from our previous online tests [91]. The 
positive effects of water sounds on perceived restorativeness were con-
firmed between online results and in situ results with the being-away 
and fascination components [91]. And the objective descriptors includ-
ing natural, mechanical and smooth also showed highly consistent be-
tween the two studies [91]. Compared to our previous laboratory exper-
iment [92], consistent results also indicated the similar emotional feel-
ing responses caused by the spatial variation settings of water sounds, 
including energetic, boring, unpleasant, unattractive in those two lab-
oratory [92] and in situ contexts. And the differences of other items 
like calm and stimulating between laboratory and real field experiment, 
could be caused by the contradictory settings between the spatialized 

sound and the absence of visual context. Therefore, the visual context 
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Fig. 9. The connectivity matrices of five brain regions for each frequency band and sound condition.
should not be ignored for the investigations of auditory perception and 
coherence design between acoustical and visual aspects for experiment 
efficiency should be valued for further studies and applications.

4.2. The mental states evoked by spatial settings of water sounds

Different aspects of mental states could be detected from various 
components of the EEG PSDs in our study. From the aperiodic offset 
components of each condition in our research, most activations from 
the occipital lobe of the brain were compared to those from other brain 
regions, meaning the ongoing visual-related information process [116]
happened during each condition in real-field scenarios. And the more 
excitation in water sound conditions (especially for FMW and TSW) in-
dicated the involvement of endogenous spatial attention and increased 
stimulus-driven salience [117] due to the spatial variations of water 
sounds. Although the flattened aperiodic exponent components in wa-
ter sound conditions referring to the excitation/inhibition ratio of brain 
activity could not be distinguished from the RTN condition statistically, 
they were still noteworthy for the investigations of more multisensory 
scenarios and experimental settings in future researches [118].

The brain activities in the delta and theta band were contributed 
to parsing continuous acoustic streams into perceptual units in the 
studies of auditory perception [119,120]. Through the modulation of 
cortical entrainment to the sound envelope, those activities could track 
the acoustical rhythm [121,122] and organize acoustic information 
[123,119]. The related delta/theta band ratios were also found to rep-
resent the rhythmic perceptual sampling of auditory scenes [124]. The 
natural and regular water sounds masked the traffic noise and released 
those listening efforts based on the decrement of the delta power and 
delta/theta ratios based on the spectral and band ratio results. The 
higher relative powers of the alpha bands and lower ratios of the 
theta/alpha bands under spatial water sound conditions compared to 
10

the RTN condition, indicated more relaxation of the mental states in-
duced by water sounds, which are also consistent with our laboratory 
research [92]. The theta/alpha ratio, often used as task load [125] of 
mental state, or mental fatigue [126], suggesting water sounds eased 
mental stress and fatigue caused by the background traffic noise. More-
over, the mental states induced by different water conditions did not 
differentiate from each other, same as aperiodic components and band 
ratios, indicating the spatial settings of water sounds did not influence 
the cognitive load or mental fatigue. Contrary to our previous labora-
tory experiments [92], the power of the beta band under water sound 
conditions were increased in parallel with the alpha band in the in-
situ test. These changes could be contributed to the near-hand spatial 
arrangements of water sounds, which arousal more immersion states 
when subjects were experiencing the campus green space [127,128].

In summary, the power of the alpha band and the theta/alpha ra-
tio were two robust indicators for detecting the relaxation of mental 
state under noisy environment based the consistent finding from our 
laboratory study [92] and other related studies [69,82]. But in the 
real field of urban park, more spectral changes including the aperiodic 
components correlated to visual perception, the delta and theta bands 
along with the delta/theta ratio could be related to auditory percep-
tion and the beta band reflecting immersion state were founded. The 
differences of the delta and theta oscillations between in-situ and lab-
oratory studies could be caused by not only the added multisensory 
inputs in the in-situ study, but also the disparity of the characteris-
tics of acoustical environments including the sound levels of the traffic 
noise and introduced water sounds. The sound level of traffic noise in 
the laboratory environment was 57 dB(A), while the sound level in the 
in-situ was 65 dB(A). The water sound levels were kept as -3 dB(A) be-
low the traffic noise irrespective of laboratory or in-situ settings. The 
high frequency bands like the alpha and beta bands with related ratios, 
confirmed the positive effect of water sounds on traffic noise masking 
no matter of their spatial configurations. But lacking enough compara-

ble evidence, more clarification of those results is still needed to draw 
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solid conclusion. Therefore, further neuropsychological studies on hu-
man perception with various multisensory settings are needed to verify 
the mental implications of different aperiodic and oscillatory compo-
nents from the EEG spectral results and build a ground truth about the 
interpretation of diverse neural responses for assessing the mental in-
fluences of different multisensory environments in urban green spaces.

4.3. The attentional restoration induced by spatial settings of water sounds

Developed by Rachel and Kaplan in the 1980s, the Attention 
Restoration Theory asserts that people can concentrate better after 
spending time in nature [66]. The theory explained the mental benefits 
of nature interaction based on the summary on literature that merged 
aesthetics and affective responses to environments as four restorative 
qualities including fascination, being away, coherence, scope, but left 
few descriptions about the mechanism underlying cognitive restoration 
and the implementation of restorative aspects of environments into ur-
ban context [129].

Attention process raises the activities of three independent brain 
functional networks: alertness (vigilance, arousal), orientation (between 
the dorsal network and the ventral network), and execution [130]. The 
dorsal network is related to involuntary attention in the superior pari-
etal, occipital and frontal cortex electrodes. And the ventral network 
refers to the control of attention focus, voluntary attention in the ante-
rior insula, temporoparietal junction, the anterior cingulate cortex and 
prefrontal cortex [131]. The level of alertness or arousal of attention 
was observed from the records of EEG oscillations since 1929. The phe-
nomenon that the lower power in the alpha band with the increase of 
the delta band was well-known as an indicator of attentional engage-
ment [132]. Since subjects were instructed to keep in resting-state in 
this study, the execution of attention for concrete tasks were omitted, 
although further studies with neurophysiological measurements could 
take advantage of this process to reveal more informational dimension 
about attention restoration. Therefore, the second attention process is 
the focus in this discussion part. Essentially, attention restoration char-
acterizes the re-orientation of the attention process induced by external 
nature inputs, which is attracting the activation of involuntary atten-
tion and limiting the need for directed attention [133–136,86,137]. 
The changes of spectral components and functional connectivity of 
EEG signals from different brain regions reported by researchers like 
[138,139,87,140,141] provided clues to this fluctuating process. But 
more works are still needed to quantify this re-orientation process for 
measuring the restorative effects of real natural environments in real-
time, which can help us to propose a more efficient operational def-
inition about perceived restorativeness of different environments and 
promote more restorative features in practical urban landscape design-
ing and managements.

In our study, the alpha band connectivities in all water sound con-
ditions (FPW/FMW/TSW) were greatly stronger than in RTN condition, 
while the theta band connectivities only in TSW condition were signif-
icantly higher than in other conditions. Those results were also similar 
and extended with laboratory study [92]. Consistent evidence showed 
both connectivities in the alpha and theta band were related to atten-
tional restoration [142,87]. Similarly, increased brain network statistics 
in the alpha-theta synchronization were observed during mindful med-
itation. Synchronization in the alpha rhythm could reflect top-down, 
inhibitory control processes [143], while that in the theta rhythm could 
reveal novel information encoding from external environments [142]. 
Thus, more restorative experiences were reflected by the responses of 
the alpha-theta synchronization network during the spatial water sound 
conditions especially for the two-position switching water sound condi-
11

tion.
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5. Limitations and future studies

Certain limitations exist in the study. The number of participants 
is relatively small due to the COVID-19 situation during the period of 
in situ study, and future studies should include larger and more diverse 
participants for more solid conclusions. The limits of urban park scenar-
ios also need to be noted. Different visual and acoustical environments 
in urban parks should be involved for improving the ecological validity 
of the research.

Although the wearable sensor technologies have developed greatly 
in recent years, the shortness of those measurements still needed more 
efforts to overcome. For EEG measurements, the sacrifices of limited 
channel and low signal-noise ratio for more portable setups should be 
noticed. More important thing is that those setups increase the discom-
fort for participant wearing while doing the experiments. This could 
influence participants’ reactions and restrain the reliability of research 
outputs. Further studies with neural-behavioral measurements should 
be conducted with more advanced techniques to overcome those short-
ages.

To reveal the potential prospect of natural elements like water 
sounds for urban park design, the perceptual effects of urban parks 
involving noise mitigation, attentional restoration and emotional pro-
motion should not be limited in resting-state of the participants. More 
physical states of urban park visitors and viewers should be explored, 
such as urban walking, urban biking, urban playing and so on. And 
more hybrid techniques for interactive designs between real-world en-
vironments and human are also necessary to explore deeper and multi-
functional effects of urban parks with diverse augmented sound designs.

6. Conclusion

The introduction of water sounds could promote the positive effects 
on human health for urban park designing and managements. Using 
the digital water sound playbacks with different techniques like vir-
tual sound production and surround sound system, the effects of spatial 
variations of water sounds were illustrated within existing urban parks 
with neuropsychological measurements. The multisensory inputs from 
the spatial water sounds in-situ brought more visual processing cor-
related to the spatial attention and stimulus-driven salience compared 
with laboratory environments. And the changes in the relative power 
of the alpha band and the ratio of the theta/alpha band among four 
conditions showed more relaxation state induced by the introduction 
of water sounds. Furthermore, different spatial configurations of water 
sound, especially the two-position switching setting, modulated the ac-
tivity of attentional networks related to the restoration process via the 
alpha-theta synchronization network, reminding us of the importance 
of salience promotion by spatial organization for natural elements de-
sign like water sound design in urban parks.

CRediT authorship contribution statement

Jian Li: Conceptualization, Data curation, Formal analysis, Method-
ology, Software, Visualization, Writing – original draft, Validation, 
Writing – review & editing. Massimiliano Masullo: Conceptualization, 
Funding acquisition, Investigation, Project administration, Supervision, 
Validation, Writing – review & editing. Luigi Maffei: Funding acqui-
sition, Investigation, Project administration, Supervision, Writing – re-
view & editing. Aniello Pascale: Methodology, Resources, Software.
Chi-kwan Chau: Conceptualization, Data curation, Methodology, Su-
pervision, Writing – review & editing. Minqi Lin: Conceptualization, 
Data curation, Methodology, Software.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 

the work reported in this paper.



J. Li, M. Masullo, L. Maffei et al.

Data availability

Data will be made available on request.

References

[1] Whyte Jr WH. 1917-1999, the social life of small urban spaces. Washington, D.C.: 
Conservation Foundation; 1980.

[2] Perkins G. The delight of a city: water. Concrete Quality 1973;99(33):1973.
[3] Booth NK. Basic elements of landscape architectural design. Waveland Press; 1989.
[4] Brawn AL. Using the sound of water in the city. Landscape Australia 1994;2:103–7.
[5] Yang W, Kang J. Soundscape and sound preferences in urban squares: a case study 

in Sheffield. J Urban Des 2005;10(1):61–80.
[6] Yang W, Kang J. Acoustic comfort evaluation in urban open public spaces. Appl 

Acoust 2005;66(2):211–29.
[7] Yu L, Kang J. Effects of social, demographical and behavioral factors on the sound 

level evaluation in urban open spaces. J Acoust Soc Am 2008;123(2):772–83.
[8] White M, Smith A, Humphryes K, Pahl S, Snelling D, Depledge M. Blue space: the 

importance of water for preference, affect, and restorativeness ratings of natural 
and built scenes. J Environ Psychol 2010;30(4):482–93.

[9] You J, Lee PJ, Jeon JY. Evaluating water sounds to improve the soundscape of 
urban areas affected by traffic noise. Noise Control Eng J 2010;58(5):477–83.

[10] Rådsten-Ekman M, Axelsson Ö, Nilsson ME. Effects of sounds from water on per-
ception of acoustic environments dominated by road-traffic noise. Acta Acust Acust 
2013;99(2):218–25. https://doi .org /10 .3813 /AAA .918605.

[11] Leung TM, Chau CK, Tang SK, Xu JM. Developing a multivariate model for predict-
ing the noise annoyance responses due to combined water sound and road traffic 
noise exposure. Appl Acoust 2017;127:284–91.

[12] Liu F, Liu P, Kang J, Meng Q, Wu Y, Yang D. Relationships between landscape 
characteristics and the restorative quality of soundscapes in urban blue spaces. 
Appl Acoust 2022;189:108600.

[13] Buxton RT, Pearson AL, Allou C, Fristrup K, Wittemyer G. A synthesis of health 
benefits of natural sounds and their distribution in national parks. Proc Natl Acad 
Sci 2021;118(14):e2013097118.

[14] Braubach M, Kendrovski V, Jarosinska D, Mudu P, Andreucci MB, Beute F, et al. 
Green and blue spaces and mental health: new evidence and perspectives for ac-
tion. Tech. Rep. World Health Organization: Copenhagen; 2021.

[15] Yildirim Y, Arefi M. Sense of place and sound: revisiting from multidisciplinary 
outlook. Sustainability 2022;14(18):11508.

[16] Tedja YW, Tsaih L. Water soundscape and listening impression. In: 5th Pacific rim 
underwater acoustics conference; 2015. p. 040001.

[17] Hong JY, Lam B, Ong Z-T, Ooi K, Gan W-S, Kang J, et al. The effects of spatial 
separations between water sound and traffic noise sources on soundscape assess-
ment. Build Environ 2020;167:106423. https://doi .org /10 .1016 /j .buildenv .2019 .
106423.

[18] Ratcliffe E. Sound and soundscape in restorative natural environments: a narrative 
literature review. Front Psychol 2021;12:570563. https://doi .org /10 .3389 /fpsyg .
2021 .570563.

[19] Hsieh C-H, Yang J-Y, Huang C-W, Chin WCB. The effect of water sound level in 
virtual reality: a study of restorative benefits in young adults through immersive 
natural environments. J Environ Psychol 2023;88:102012.

[20] Southworth MF. The sonic environment of cities. Massachusetts Institute of Tech-
nology; 1967.

[21] Schafer RM. Our sonic environment and the tuning of the world: the soundscape. 
Vermont: Destiny Books Rochester; 1977.

[22] ISO 12913-1:2014, Acoustics–soundscape–Part 1: Definition and conceptual frame-
work. 2014. Technical Report, International Organization for Standardization.

[23] Payne SR, Davies WJ, Adams MD. Research into the practical and policy applica-
tions of soundscape concepts and techniques in urban areas. Tech. Rep. Salford 
Innovation Research Centre; 2009.

[24] Nilsson ME, Alvarsson J, Rådsten-Ekman M, Bolin K. Auditory masking of wanted 
and unwanted sounds in a city park. Noise Control Eng J 2010;58(5):524. https://
doi .org /10 .3397 /1 .3484182.

[25] Han Z, Kang J, Meng Q. Effect of sound sequence on soundscape emotions. Appl 
Acoust 2023.

[26] Galbrun L, Ali TT. Acoustical and perceptual assessment of water sounds and their 
use over road traffic noise. J Acoust Soc Am 2013;133(1):227–37. https://doi .org /
10 .1121 /1 .4770242.

[27] Lee HM, Lee HP. Noise masking in high population country using sound of water 
fountain. Appl Acoust 2020;162:107206.

[28] Jeon JY, Lee PJ, You J, Kang J. Acoustical characteristics of water sounds 
for soundscape enhancement in urban open spaces. J Acoust Soc Am 
2012;131(3):2101–9.

[29] Rådsten Ekman M, Lundén P, Nilsson ME. Similarity and pleasantness assess-
ments of water-fountain sounds recorded in urban public spaces. J Acoust Soc Am 
2015;138(5):3043–52. https://doi .org /10 .1121 /1 .4934956.

[30] Jeon JY, Lee PJ, You J, Kang J. Perceptual assessment of quality of urban 
soundscapes with combined noise sources and water sounds. J Acoust Soc Am 
12

2010;127(3):1357–66. https://doi .org /10 .1121 /1 .3298437.
Applied Acoustics 218 (2024) 109904

[31] Lugten M, Karacaoglu M, White K, Kang J, Steemers K. Improving the sound-
scape quality of urban areas exposed to aircraft noise by adding moving water 
and vegetation. J Acoust Soc Am 2018;144(5):2906–17. https://doi .org /10 .1121 /
1 .5079310.

[32] Yang W, Moon HJ, Kim M-j. Perceptual assessment of indoor water sounds over 
environmental noise through windows. Appl Acoust 2018;135:60–9.

[33] Chitra B, Jain M, Chundelli FA. Understanding the soundscape environment of an 
urban park through landscape elements. Environ Technol Innov 2020;19:100998. 
https://doi .org /10 .1016 /j .eti .2020 .100998.

[34] Yang W, Moon HJ. Effects of recorded water sounds on intrusive traffic noise per-
ception under three indoor temperatures. Appl Acoust 2019;145:234–44.

[35] Masullo M, Pascale A. Effects of combinations of water sounds and visual elements 
on the traffic noise mitigation in urban green parks 2016;253(4):3910–5.

[36] Culling JF, Lavandier M. Binaural unmasking and spatial release from masking. In: 
Litovsky RY, Goupell MJ, Fay RR, Popper AN, editors. Binaural hearing, vol. 73. 
Cham: Springer International Publishing; 2021. p. 209–41.

[37] Yost WA, editor. Auditory perception of sound sources. Springer handbook of au-
ditory research, vol. 29. New York: Springer; 2008.

[38] Cherry EC. Some experiments on the recognition of speech, with one and with two 
ears. J Acoust Soc Am 1953;25(5):975–9.

[39] Cherry EC, Taylor WK. Some further experiments upon the recognition of speech, 
with one and with two ears. J Acoust Soc Am 1954;26(4):554–9.

[40] Posner MI. Orienting of attention. Q J Exp Psychol 1980;32(1):3–25.
[41] Kaplan S, Berman MG. Directed attention as a common resource for executive 

functioning and self-regulation. Perspect Psychol Sci 2010;5(1):43–57. https://doi .
org /10 .1177 /1745691609356784.

[42] Pollack I. Auditory informational masking. J Acoust Soc Am 1975;57(S1):S5. 
https://doi .org /10 .1121 /1 .1995329.

[43] Watson CS, Lehman JR, Kelly WJ. The relation between sensation level and fre-
quency discrimination under conditions of informational masking. J Acoust Soc 
Am 1981;69(S1):S64. https://doi .org /10 .1121 /1 .386154.

[44] Watson D, Clark LA, Tellegen A. Development and validation of brief mea-
sures of positive and negative affect: the PANAS scales. J Pers Soc Psychol 
1988;54(6):1063.

[45] Watson CS. Some comments on informational masking. Acta Acust Acust 
2005;91(3):502–12.

[46] Best V, Ozmeral E, Gallun FJ, Sen K, Shinn-Cunningham BG. Spatial unmasking of 
birdsong in human listeners: energetic and informational factors. J Acoust Soc Am 
2005;118(6):3766–73. https://doi .org /10 .1121 /1 .2130949.

[47] Watson CS, Wroton HW, Kelly WJ, Benbassat CA. Factors in the discrimination of 
tonal patterns. I. Component frequency, temporal position, and silent intervals. J 
Acoust Soc Am 1975;57(5):1175–85. https://doi .org /10 .1121 /1 .380576.

[48] Neff DL. Signal properties that reduce masking by simultaneous, random-
frequency maskers. J Acoust Soc Am 1995;98(4):1909–20. https://doi .org /10 .
1121 /1 .414458.

[49] Durlach NI, Mason CR, Gallun FJ, Shinn-Cunningham B, Colburn HS, Kidd G. In-
formational masking for simultaneous nonspeech stimuli: psychometric functions 
for fixed and randomly mixed maskers. J Acoust Soc Am 2005;118(4):2482–97. 
https://doi .org /10 .1121 /1 .2032748.

[50] Kubovy M, Van Valkenburg D. Auditory and visual objects. Cognition 
2001;80(1–2):97–126. https://doi .org /10 .1016 /S0010 -0277(00 )00155 -4.

[51] Micheyl C, Oxenham AJ. Pitch, harmonicity and concurrent sound segregation: 
psychoacoustical and neurophysiological findings. Hear Res 2010;266(1–2):36–51. 
https://doi .org /10 .1016 /j .heares .2009 .09 .012.

[52] Bregman AS. Auditory scene analysis: the perceptual organization of sound. MIT 
Press; 1994.

[53] Lutfi RA, Gilbertson L, Heo I, Chang A-C, Stamas J. The information-divergence 
hypothesis of informational masking. J Acoust Soc Am 2013;134(3):2160–70. 
https://doi .org /10 .1121 /1 .4817875.

[54] Hong JY, Ong Z-T, Lam B, Ooi K, Gan W-S, Kang J, et al. Effects of adding nat-
ural sounds to urban noises on the perceived loudness of noise and soundscape 
quality. Sci Total Environ 2020;711:134571. https://doi .org /10 .1016 /j .scitotenv .
2019 .134571.

[55] Botteldooren D. Informational masking and attention focussing on environmental 
sound. In: NAG/DAGA 2009 international conference on acoustics; 2009. p. 1–9.

[56] Hao Y, Kang J, Wörtche H. Assessment of the masking effects of birdsong on the 
road traffic noise environment. J Acoust Soc Am 2016;140(2):978–87. https://
doi .org /10 .1121 /1 .4960570.

[57] Dubois D. A cognitive approach to urban soundscapes: using verbal data to access 
everyday life auditory categories. Acta Acust Acust 2006;92.

[58] Oldoni D, De Coensel B, Boes M, Rademaker M, De Baets B, Van Renterghem T, et 
al. A computational model of auditory attention for use in soundscape research. J 
Acoust Soc Am 2013;134(1):852–61.

[59] Nilsson ME, Botteldooren D, Jeon JY, Rådsten-Ekman M, Coensel BD, Young J, et 
al. Perceptual effects of noise mitigation. In: Environmental methods for transport 
noise reduction; 2014. p. 195–220.

[60] Axelsson Ö, Nilsson ME, Hellström B, Lundén P. A field experiment on the impact 
of sounds from a jet-and-basin fountain on soundscape quality in an urban park. 
Landsc Urban Plan 2014;123:49–60. https://doi .org /10 .1016 /j .landurbplan .2013 .

12 .005.

http://refhub.elsevier.com/S0003-682X(24)00055-0/bibE817E3981E2873D5265D3027BA682A07s1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bibE817E3981E2873D5265D3027BA682A07s1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib31ECAA288A5D54D162F7BC65258F5744s1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib25525177F98230C89581FEEA54C87EB1s1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bibC5B7A9DB007DDD451CA667FB484552FEs1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib994BFC3F76FFD00C93496F0408FE7684s1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib994BFC3F76FFD00C93496F0408FE7684s1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib283332187D111F14B5B0D8ACDAA3D152s1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib283332187D111F14B5B0D8ACDAA3D152s1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bibB411FEF01479A56D729A94BCC4AFF06Cs1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bibB411FEF01479A56D729A94BCC4AFF06Cs1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bibA503D201F323C6F980FD934F6DF9087Bs1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bibA503D201F323C6F980FD934F6DF9087Bs1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bibA503D201F323C6F980FD934F6DF9087Bs1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bibEA0AF5EFA41EF097BE460D8D905D35DBs1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bibEA0AF5EFA41EF097BE460D8D905D35DBs1
https://doi.org/10.3813/AAA.918605
http://refhub.elsevier.com/S0003-682X(24)00055-0/bibB8647BF814E6D1B762FAC6DB0CBC0F68s1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bibB8647BF814E6D1B762FAC6DB0CBC0F68s1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bibB8647BF814E6D1B762FAC6DB0CBC0F68s1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bibDCDCD5CEF1804B57CDD3F944B1618A95s1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bibDCDCD5CEF1804B57CDD3F944B1618A95s1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bibDCDCD5CEF1804B57CDD3F944B1618A95s1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib88DDABE40B7112911C0705632D79F99Ds1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib88DDABE40B7112911C0705632D79F99Ds1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib88DDABE40B7112911C0705632D79F99Ds1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bibE1D169D0B6D9C2B810B26407A633671Ds1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bibE1D169D0B6D9C2B810B26407A633671Ds1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bibE1D169D0B6D9C2B810B26407A633671Ds1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib8DFA31D8E3219DEF7B07F52D81A7C490s1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib8DFA31D8E3219DEF7B07F52D81A7C490s1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib5D31EAC1D9D72B9C3EBA03FC188DD6E8s1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib5D31EAC1D9D72B9C3EBA03FC188DD6E8s1
https://doi.org/10.1016/j.buildenv.2019.106423
https://doi.org/10.1016/j.buildenv.2019.106423
https://doi.org/10.3389/fpsyg.2021.570563
https://doi.org/10.3389/fpsyg.2021.570563
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib32EC8B4863D430E8A643ECF0BAD0C6F0s1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib32EC8B4863D430E8A643ECF0BAD0C6F0s1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib32EC8B4863D430E8A643ECF0BAD0C6F0s1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bibFF6808356A4306087CB8B0FFBEF045C5s1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bibFF6808356A4306087CB8B0FFBEF045C5s1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib095F5A4ED98EC0432F8ADDE84C86178Cs1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib095F5A4ED98EC0432F8ADDE84C86178Cs1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib8AFC13DAFE162C79CB0C9FCD4ABF1B0As1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib8AFC13DAFE162C79CB0C9FCD4ABF1B0As1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib8AFC13DAFE162C79CB0C9FCD4ABF1B0As1
https://doi.org/10.3397/1.3484182
https://doi.org/10.3397/1.3484182
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib6C23A7648AEA9724B85375C618207A4Es1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib6C23A7648AEA9724B85375C618207A4Es1
https://doi.org/10.1121/1.4770242
https://doi.org/10.1121/1.4770242
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib66849584EF7177FE1FCF200BD4A56C77s1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib66849584EF7177FE1FCF200BD4A56C77s1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib783CE974622C4BA021BC440CF463DF2Ds1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib783CE974622C4BA021BC440CF463DF2Ds1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib783CE974622C4BA021BC440CF463DF2Ds1
https://doi.org/10.1121/1.4934956
https://doi.org/10.1121/1.3298437
https://doi.org/10.1121/1.5079310
https://doi.org/10.1121/1.5079310
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib4F2A217BBA93584A6650D8E818ED0AF6s1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib4F2A217BBA93584A6650D8E818ED0AF6s1
https://doi.org/10.1016/j.eti.2020.100998
http://refhub.elsevier.com/S0003-682X(24)00055-0/bibCEFC070FAD4420C1928A059D760DD36Ds1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bibCEFC070FAD4420C1928A059D760DD36Ds1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib2E22BABCA8DFCCD74128C7C94701FB1Cs1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib2E22BABCA8DFCCD74128C7C94701FB1Cs1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib2BF909AA04416803E383A4EE38658951s1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib2BF909AA04416803E383A4EE38658951s1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib2BF909AA04416803E383A4EE38658951s1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bibD308D0F7F8D521841342EEEABDD4BE4Es1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bibD308D0F7F8D521841342EEEABDD4BE4Es1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bibA494FD85684C5540D319436EEC818179s1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bibA494FD85684C5540D319436EEC818179s1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib39A48F2C25343A705BA4793A37E0D309s1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib39A48F2C25343A705BA4793A37E0D309s1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib6EF7BBEC8308DC57FC4E68A1CAD08719s1
https://doi.org/10.1177/1745691609356784
https://doi.org/10.1177/1745691609356784
https://doi.org/10.1121/1.1995329
https://doi.org/10.1121/1.386154
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib520DDDC2C088AE3CAB720574A389E9EFs1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib520DDDC2C088AE3CAB720574A389E9EFs1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib520DDDC2C088AE3CAB720574A389E9EFs1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bibCEA68295C730FC3C131A5F1B5699C10Fs1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bibCEA68295C730FC3C131A5F1B5699C10Fs1
https://doi.org/10.1121/1.2130949
https://doi.org/10.1121/1.380576
https://doi.org/10.1121/1.414458
https://doi.org/10.1121/1.414458
https://doi.org/10.1121/1.2032748
https://doi.org/10.1016/S0010-0277(00)00155-4
https://doi.org/10.1016/j.heares.2009.09.012
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib791D18EC9399D79707FF9F08FA69B938s1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib791D18EC9399D79707FF9F08FA69B938s1
https://doi.org/10.1121/1.4817875
https://doi.org/10.1016/j.scitotenv.2019.134571
https://doi.org/10.1016/j.scitotenv.2019.134571
http://refhub.elsevier.com/S0003-682X(24)00055-0/bibDD608B941266DCDD7BAECBC10AFAA075s1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bibDD608B941266DCDD7BAECBC10AFAA075s1
https://doi.org/10.1121/1.4960570
https://doi.org/10.1121/1.4960570
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib893D7C401E1B88FC79BC4F0CB5FCC93Cs1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib893D7C401E1B88FC79BC4F0CB5FCC93Cs1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib3BD802959B4F4BF60BE5EA884F89D9FBs1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib3BD802959B4F4BF60BE5EA884F89D9FBs1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib3BD802959B4F4BF60BE5EA884F89D9FBs1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib53D5C8E76B644841F3598BCC436D9AF1s1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib53D5C8E76B644841F3598BCC436D9AF1s1
http://refhub.elsevier.com/S0003-682X(24)00055-0/bib53D5C8E76B644841F3598BCC436D9AF1s1
https://doi.org/10.1016/j.landurbplan.2013.12.005
https://doi.org/10.1016/j.landurbplan.2013.12.005


J. Li, M. Masullo, L. Maffei et al.

[61] Van Renterghem T, Vanhecke K, Filipan K, Sun K, De Pessemier T, De Coensel B, 
et al. Interactive soundscape augmentation by natural sounds in a noise pol-
luted urban park. Landsc Urban Plan 2020;194:103705. https://doi .org /10 .1016 /
j .landurbplan .2019 .103705.

[62] Masullo M, Maffei L, Pascale A, Senese VP, De Stefano S, Chau CK. Effects of evoca-
tive audio-visual installations on the restorativeness in urban parks. Sustainability 
2021;13(15):8328. https://doi .org /10 .3390 /su13158328.

[63] Axelsson Ö, Nilsson ME, Berglund B. A Swedish instrument for measuring sound-
scape quality. In: Euronoise 2009. Institute of Acoustics; 2009. p. 1–8.

[64] Axelsson Ã, Nilsson ME, Berglund B. The Swedish soundscape-quality protocol. J 
Acoust Soc Am 2012;131(4):3476.

[65] Payne SR. The production of a perceived restorativeness soundscape scale. Appl 
Acoust 2013;74(2):255–63.

[66] Kaplan R, Kaplan S. The experience of nature: a psychological perspective. Cam-
bridge University Press; 1989.

[67] Kaplan S. The restorative benefits of nature: toward an integrative framework. J 
Environ Psychol 1995;15(3):169–82.

[68] Masullo M, Maffei L, Iachini T, Rapuano M, Cioffi F, Ruggiero G, et al. 
A questionnaire investigating the emotional salience of sounds. Appl Acoust 
2021;182:108281.

[69] Jo H, Song C, Ikei H, Enomoto S, Kobayashi H, Miyazaki Y. Physiological and psy-
chological effects of forest and urban sounds using high-resolution sound sources. 
Int J Environ Res Public Health 2019;16(15):2649.

[70] Ancora LA, Blanco-Mora DA, Alves I, Bonifácio A, Morgado P, Miranda B. 
Cities and neuroscience research: a systematic literature review. Front Psychiatry 
2022;13:983352.

[71] Teplan M. Fundamentals of EEG measurement. Meas Sci Rev 2002;2(2):1–11.
[72] Aspinall P, Mavros P, Coyne R, Roe J. The urban brain: analysing outdoor physical 

activity with mobile EEG. Br J Sports Med 2015;49(4):272–6.
[73] Choi Y, Kim M, Chun C. Measurement of occupants’ stress based on elec-

troencephalograms (EEG) in twelve combined environments. Build Environ 
2015;88:65–72.

[74] Guan H, Hu S, Lu M, He M, Zhang X, Liu G. Analysis of human electroencephalo-
gram features in different indoor environments. Build Environ 2020;186:107328.

[75] Kim Y, Han J, Chun C. Evaluation of comfort in subway stations via 
electroencephalography measurements in field experiments. Build Environ 
2020;183:107130.

[76] Neale C, Aspinall P, Roe J, Tilley S, Mavros P, Cinderby S, et al. The impact of 
walking in different urban environments on brain activity in older people. Cities & 
Health 2020;4(1):94–106.

[77] Olszewska-Guizzo AA, Paiva TO, Barbosa F. Effects of 3D contemplative landscape 
videos on brain activity in a passive exposure EEG experiment. Front Psychiatry 
2018;9:317.

[78] Chang C-Y, Chen P-K. Human response to window views and indoor plants in the 
workplace. HortScience 2005;40(5):1354–9.

[79] Chiang Y-C, Li D, Jane H-A. Wild or tended nature? The effects of landscape loca-
tion and vegetation density on physiological and psychological responses. Landsc 
Urban Plan 2017;167:72–83.

[80] Grassini S, Revonsuo A, Castellotti S, Petrizzo I, Benedetti V, Koivisto M. Processing 
of natural scenery is associated with lower attentional and cognitive load compared 
with urban ones. J Environ Psychol 2019;62:1–11.

[81] Ismail LE, Karwowski W. Applications of EEG indices for the quantification of hu-
man cognitive performance: a systematic review and bibliometric analysis. PLoS 
ONE 2020;15(12):e0242857.

[82] Li H, Xie H, Woodward G. Soundscape components, perceptions, and EEG reactions 
in typical mountainous urban parks. Urban For Urban Greening 2021;64:127269.

[83] Koivisto M, Jalava E, Kuusisto L, Railo H, Grassini S. Top-down processing and 
nature connectedness predict psychological and physiological effects of nature. En-
viron Behav 2022;54(5):917–45.

[84] Tóth B, Farkas D, Urbán G, Szalárdy O, Orosz G, Hunyadi L, et al. Attention and 
speech-processing related functional brain networks activated in a multi-speaker 
environment. PLoS ONE 2019;14(2):e0212754.

[85] Szalárdy O, Tóth B, Farkas D, György E, Winkler I. Neuronal correlates of informa-
tional and energetic masking in the human brain in a multi-talker situation. Front 
Psychol 2019;10:786.

[86] Heo J, Baek HJ, Hong S, Chang MH, Lee JS, Park KS. Music and natural sounds in 
an auditory steady-state response based brain–computer interface to increase user 
acceptance. Comput Biol Med 2017;84:45–52.

[87] Chen Z, He Y, Yu Y. Attention restoration during environmental exposure via 
alpha-theta oscillations and synchronization. J Environ Psychol 2020;68:101406. 
https://doi .org /10 .1016 /j .jenvp .2020 .101406.

[88] Ghavampour E, Del Aguila M, Vale B. GIS mapping and analysis of behaviour 
in small urban public spaces. Area 2017;49(3):349–58. https://doi .org /10 .1111 /
area .12323.

[89] Nowacka-Rejzner U. Water elements in the creation of public space. IOP Conf Ser, 
Mater Sci Eng 2019;603(2):022087. https://doi .org /10 .1088 /1757 -899X /603 /2 /
022087.

[90] Afonso AG, Fatah Gen Schieck A. Play in the smart city context: exploring inter-
actional, bodily, social and spatial aspects of situated media interfaces. Behav Inf 
13

Technol 2020;39(6):656–80. https://doi .org /10 .1080 /0144929X .2019 .1693630.
Applied Acoustics 218 (2024) 109904

[91] Li J, Maffei L, Pascale A, Masullo M. Effects of the spatialisation of water-sounds 
sequences on the perception of traffic noise, vibrations in physical systems. https://
doi .org /10 .21008 /J .0860 -6897 .2022 .1 .10, 2022.

[92] Li J, Maffei L, Pascale A, Masullo M. Effects of spatialized water-sound sequences 
for traffic noise masking on brain activities. J Acoust Soc Am 2022;152(1):172–83. 
https://doi .org /10 .1121 /10 .0012222.

[93] Arroyo E, Bonanni L, Valkanova N. Embedded interaction in a water fountain for 
motivating behavior change in public space. In: Proceedings of the SIGCHI con-
ference on human factors in computing systems. Austin, Texas USA: ACM; 2012. 
p. 685–8.

[94] Cerwén G. Urban soundscapes: a quasi-experiment in landscape architec-
ture. Landsc Res 2016;41(5):481–94. https://doi .org /10 .1080 /01426397 .2015 .
1117062.

[95] Kreutzfeldt J, Stenfeldt L, Falk Petersen C. The city of sound: exploring new ap-
proaches to sound in urban planning end development. INTER-NOISE and NOISE-
CON congress and conference proceedings, vol. 259. Institute of Noise Control 
Engineering; 2019. p. 7193–201.

[96] Steele D, Fraisse V, Bild E, Guastavino C. Bringing music to the park: the effect 
of Musikiosk on the quality of public experience. Appl Acoust 2021;177:107910. 
https://doi .org /10 .1016 /j .apacoust .2021 .107910.

[97] Van Renterghem T, Sun K, Filipan K, Vanhecke K, De Pessemier T, De Coensel B, 
et al. Interactive soundscape augmentation of an urban park in a real and virtual 
setting. Universitätsbibliothek der RWTH Aachen; 2019.

[98] Fraisse V, Giannini N, Guastavino C, Boutard G. Experiencing sound installa-
tions: a conceptual framework. Organ Sound 2022:1–16. https://doi .org /10 .1017 /
S135577182200036X.

[99] Hong JY, Lam B, Ong Z-T, Ooi K, Gan W-S, Kang J, et al. A mixed-reality approach 
to soundscape assessment of outdoor urban environments augmented with natu-
ral sounds. Build Environ 2021;194:107688. https://doi .org /10 .1016 /j .buildenv .
2021 .107688.

[100] Masullo M, Maffei L, Cioffi F, Palmieri A, Galderisi A, Li J, et al. Preliminary qual-
ification of a small audio-visual dataset for a multisensory study on urban parks. 
INTER-NOISE and NOISE-CON Congress and Conference Proceedings, vol. 261. In-
stitute of Noise Control Engineering; 2020. p. 2967–77.

[101] Rapuano M, Ruotolo F, Ruggiero G, Masullo M, Maffei L, Galderisi A, et al. Spaces 
for relaxing, spaces for recharging: How parks affect people’s emotions. J Environ 
Psychol 2022;81:101809. https://doi .org /10 .1016 /j .jenvp .2022 .101809.

[102] Lu Z-L, Williamson SJ, Kaufman L. Behavioral lifetime of human auditory sensory 
memory predicted by physiological measures. Science 1992;258(5088):1668–70.

[103] Thaut MH. Musical echoic memory training (MEM). In: Handbook of neurologic 
music therapy; 2014. p. 311–3.

[104] Nees MA. Have we forgotten auditory sensory memory? Retention intervals in stud-
ies of nonverbal auditory working memory. Front Psychol 2016;7:1892.
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