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The study examines how aspects of recorded soundscapes and the visual field can influence test
participants’ emotional responses in an urban environment in Okinawa, Japan. Despite a breadth of
study in soundscape and well-being, there is very little research on sensory congruence and well-
being in the context of natural vs. urban soundscapes in a controlled environment, and despite its
importance for the design of restorative spaces. This study asks: How do natural and synthetic
soundscapes differentially influence emotional responses, and how does coloured lighting, in
combination with these soundscapes, modulate such responses? We report results from an

immersive environmental installation in a pedestrian tunnel. The variables were a selection of natural
sounds comprising local recordings of wildlife and natural phenomena, and synthetic sounds

generated using digital waveforms and filters as sound sources. Coloured lighting was employed in
conjunction with the sounds, ranging from warm to cool colours. Data from participants were recorded
on atablet-based interface using an emotional circumplex and analysed quantitatively. Findings reveal

that the natural sounds played in the tunnel in relation to colours significantly affect the subject’s
emotional well-being. The results from this study have important implications for the design and

consideration of sound in urban environments.

This paper presents the initial findings of an interdisciplinary research
programme conducted by Okinawa Institute of Science and Technology
Graduate University (OIST)’s Sonic Lab, Sony CSL Japan, and UCL’s
Bartlett School of Architecture.

Soundscapes and their perceived impact on well-being are a popular
subject for architects and urban planners, especially since the work of R
Murray Schaffer argued for more thought to be given to how our
environments sound alongside their visual characteristics. Considerable
research has been undertaken into establishing health-related effects in
the sonic qualities of soundscapes'. Key findings have suggested that
natural environments and associated soundscapes can enhance mood,
cognition and restorative well-being’. The literature on the subject largely
focuses on sound in isolation, and few studies reference multisensory
approaches, especially the influence of cross-modal perception on the
impact of soundscapes and well-being. There is a need to explore
‘multisensory experiences”. Yet there is scarce evidence of the impact of
colour on the efficacy of soundscapes on well-being. The outcomes of this
paper are essential for the development of urban environments, interiors
and spaces for people, especially where pre-recorded or simulated

soundscapes are to be considered as a means of generating well-being and
human comfort.

Urban sound, and especially environmental noise, is an increasing
health problem; there are established links between noise and cardiovas-
cular, cognitive and sleep-related outcomes. Tens of millions of the human
population are exposed to harmful noise levels, requiring significant public
health intervention®. The impact of noise on the cardiovascular system is
significant, even when isolated from airborne pollution’. In a 2006 review of
epidemiological studies, it was found that traffic noise is linked to high blood
pressure, heart disease and other cardiovascular risks®. Environmental noise
exposure causes stress reactions, hypertension, and oxidative stress, which
all link chronic noise to heart disease’.

Urban soundscapes and environmental noise are clearly detrimental to
health and well-being, but conversely, the link between natural soundscapes
and well-being is well-documented and established. A full review of the
psychological and physiological effects of soundscapes found consistent
health benefits, including stress reduction®. Yet it is in largely open spaces
such as green spaces and natural parks where health benefits are mostly
prevalent, especially in WHO-5 Well-Being scores"”.
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The consistent element in the studies of health benefits of soundscapes
is that natural soundscapes support emotional, cognitive and physical
health. Bio-diverse soundscapes have been shown to support both human
well-being and ecosystem health'’. Individual natural elements have been
singled out as beneficial, such as birdsong and bird-related soundscapes,
enhancing psychological restoration''.

Natural environments are, by their nature, multisensory spaces, and
the impact on the senses should be considered in the round, with visual
influence being as important as sound in the efficacy of emotional
response. Such congruence on multisensory well-being has been studied
in cars'’, between sound attributes such as pitch and loudness and
colour”, and with musical instrument timbre, especially the impact of
colour on the perception of tone'. These studies suggest that sound
cannot be perceived in isolation if its impact is to be understood, and that
visual context is critical to understanding perceived soundscape plea-
santness models". However, the impact of multimodal congruence in
soundscapes is limited to a few studies. In regard to urban and man-
made manufactured environments, the relationship changes; the impact
of visual context on soundscape has been undertaken with residential
areas, looking at the impact of architectural conditions on influencing
factors of soundscapes'®"”. The impact of the visual, especially colour, on
noise annoyance judgments has been shown to be statistically sig-
nificant, especially in terms of loudness'.

With regard to the experimental approach used to study participants'
responses to soundscape, studying responses to soundscapes in more nat-
ural conditions—away from more rigid, laboratory settings—is proving to
be valuable. To date, an interactive public installation has been used to
observe how people react to the soundscape”®. Another recent study used a
combination of four public installations and written surveys to explore how
sounds used, the venues, and other factors present at the venue, contribute to
the subjects’ perception of valence and wellbeing®. However, how
soundscape and colours interact to influence the emotional state remains
unexplored in this context.

Thus, despite the breadth of study into the visual field, sound,
soundscapes and well-being, there is a paucity of focused research into the
impact of colours, colour temperature, especially on the efficacy of recorded
soundscapes. The work outlined in this study is a controlled study into how
the colour temperature of the visual environment affects the emotional
responses to both synthetic and natural soundscapes. The focus was on the
following questions:

1. How do natural and synthetic recorded soundscapes differ in their
influence on emotional responses in an urban environment?

2. How does lighting (warm vs cool colour temperatures) interact with
soundscapes to shape these responses?

Results

Overview of the data acquired

The experiment consisted of 25 days of audiovisual presentations to
investigate the effect of synthetic versus natural sounds on the emotional
states of participants in an urban environment (Fig. 1A). During this period,
the study collected a total of 3365 responses from the two survey stations
combined. The number of responses was largely consistent from day to day,
although with a slight decline over time and minor deviations on holidays
(Fig. 2B). Over the day, the response frequencies fluctuated with the traffic in
the tunnel (Fig. 1C). Comparable numbers of responses were obtained
across stimulus conditions (Fig. 1D).

Effect of synthetic vs. natural sound on the emotional states
The data collected above were first used to assess whether the participants’
emotional states depended on the sound categories, regardless of what visual
stimuli were present. To this end, the two-dimensional coordinates that the
participants entered on the Circumplex survey for the natural sounds,
synthetic sounds, or no sound conditions were compared. On average, the
responses tended to have positive valence and positive activation levels for
all categories. This result is evident in the greater density of points in the
upper right quadrants (Fig. 2A). The direction of the resultant vector did not
differ statistically across the three sound categories (Fig. 2B). However, the
responses to the synthetic sounds were less coherent, overall, compared to
the natural sounds and no sound conditions, manifesting in the shorter
magnitude of the resultant vector for the synthetic sounds (Fig. 2C; Average
vector lengths =56 pixels [95% confidence interval = 48.50, 64.79], 30.70
pixels [23.09 38.98], and 56.30 pixels [49.01 63.68] for No sound, Synthetic,
and Natural sound categories, respectively). In summary, the synthetic
sounds used in our study had a negative impact on the emotional well-being
of the participants.

Congruence of sound and visual environment appears specifi-
cally for natural sounds

To further understand the difference between responses to natural and
synthetic sounds, the analysis was separated by individual scenes within
categories, as well as the hues of the visual environment. Again, the quality
and strength of emotional tendencies were analysed using the Circumplex
coordinates. For the synthetic sounds, none of the acoustic scenes produced
a positive effect for any visual condition, indicating that the adverse influ-
ence of the synthetic sounds was general for our stimulus sets. For the
natural sounds, in contrast, certain juxtapositions of acoustic scenes and
hues produced a marked increase in valence. The enhancement in valence
was observed for the ocean scene in the blue environment (Fig. 3A, B;
difference in average vector lengths (cool ~-warm) = 58.73 pixels; C.I. for null
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Fig. 2 | Emotional responses to sound categories. A No sound Synthetic Natural
A All responses on Russell’s circumplex survey for
the three sound categories. The vertical and hor-
izontal axes correspond to valence and activation . & ‘ % . . . L
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distribution = [—59.20 50.11]). For the rainy scene with frog calls, a sig-
nificant increase in valence was observed preferentially in the red visual
environment (difference in average vector lengths (cool-warm) = —65.68
pixels; C.I. for null distribution = [—56.22 48.83]). Overall, our results
suggest that multimodal stimulus presentations are beneficial for emotional
well-being, but the effect is specific to the combination of acoustic scene and
colour.

Discussion

The scope of the experiment was broad: we examined how visual envir-
onments shape the perception of natural and synthetic soundscapes, as well
as their effects on well-being. Colour influenced participants’ emotional
responses to natural sounds, though the strength of the effect varied by
sound type. The study took place in an uncontrolled public space, which
allowed for a large number of responses to be collected without behavioural
constraints but introduced limitations. These included slight modulation of
the acoustics within the tunnel due to the absorbative effect of participants
and potential sample bias, as most participants were local users familiar with
the space, and a lack of complete control over environmental variables. Both
the strengths and weaknesses of these conditions are considered in the
results.

The specificity of the observed colour-sound relationships suggests
that congruence enhances the recognisability of scenes'. Participants may
have drawn on personal associations, such as linking the warmth of sodium
lighting with familiar night-time natural sounds like frogs, creating comfort
through resonance with lived experience. Strong pairings emerged between
land-based phenomena and warm colours, and aquatic sounds with cool
colours. Recognition of scenes may thus be bound to emotional memory
and cultural context, particularly as participants were local to Okinawa. This
raises the question of whether the effects are site-specific or generalisable,
requiring further research.

A further limitation was the reliance on self-reported data at the end of
the experience, which may have introduced noise, as emotional states are

influenced by many factors. Collecting paired data at both entry and exit
could reduce this. Exploring responses across demographic variables—age,
gender, cultural background, and familiarity with the site—would also
clarify whether the effects are universal or group-specific.

In nature, soundscapes evolve continuously without exact repetition,
and this variability may sustain engagement. Synthetic sounds, designed to
replicate natural ones at the same SPL, produced unexpectedly negative
reactions. Their similarity and slight deviation from natural patterns may
have created an “uncanny valley” effect. From a predictive coding per-
spective, such near-matches may generate error signals, as the brain expects
truly natural acoustic patterns. Natural sounds are generated by thousands
of distributed micro-events, which are difficult to replicate without immense
computational power. Future work could refine synthetic sounds to reduce
these inconsistencies or lower amplitudes to perceptual thresholds, poten-
tially achieving effects closer to natural soundscapes. Such findings align
with Attention Restoration Theory (ART?) and Stress Recovery Theory
(SRT™), which emphasise the cognitive and emotional benefits of natural
stimuli, though from different perspectives—ART on replenishing atten-
tion, and SRT on emotional and physiological recovery. Both highlight the
multisensory integration underlying well-being.

The influence of colour on these outcomes was clear. However, our
experiments were limited to warm and cool tones, primarily red and blue.
Further work should expand the colour space to include secondary and
interstitial colours (orange, purple), as well as variations in saturation,
brightness, and contrast. Tests should compare abstract single-colour sti-
muli with more naturalistic palettes, such as forests and fields, and examine
whether effects persist beyond exposure. Studies in other cultural contexts
are also needed to test whether associations are universal or culturally
constructed.

The multisensory effects observed suggest integration is more complex
than simple addition. Pairings like “ocean sounds with blue” benefited from
semantic congruence, while counterintuitive combinations such as “rain
with red colour” likely drew strength from cultural associations. In Japanese
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Fig. 3 | Specificity of multimodal enhancement for A Synthetic sounds Natural sounds
natural scenes. A Responses on the emotional cir- / \ / \
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culture, for instance, red symbolises both danger and protection, potentially
amplifying the restorative impact of rain sounds through feelings of security.

These insights have implications for restorative urbanism and saluto-
genic design, particularly in artificial environments where sensory cues must
be carefully considered for their impact on long-term well-being. They may
inform urban planning policies that recommend specific colour-sound
pairings for different functions and help design inclusive spaces for those
with sensory impairments.

Finally, the strong preference for natural over synthetic sounds sup-
ports both the biophilia hypothesis and sound object recognition theory:
people are comforted not just by natural stimuli, but also by the ability to
correctly identify them. Synthetic sounds, by obscuring source recognition,
created cognitive dissonance and discomfort.

Overall, the study highlights how colour, soundscape, and light interact
to influence well-being. Since artificial light always carries a colour tem-
perature—from warm reds and yellows to cool blues and greens—its role
alongside sound requires closer study in both urban and interior design
contexts.

In summary, this study investigated the influence of audiovisual
stimuli on the emotions of passersby in an everyday environment: a
public passageway. There were three main findings. First, natural
sounds, such as birdsong and ocean waves, consistently guided people’s

emotions in a positive direction. Second, synthetic sounds mimicking
them did not produce the expected effect but rather had a negative
impact, lacking emotional coherence. The third and most significant
finding was that specific sound-colour combinations markedly
enhanced emotions; namely, the ‘ocean sound and blue colour’ and
‘rain sound and red colour’ combinations significantly increased posi-
tive emotional valence compared to other pairings.

The findings of this study offer important implications for the design of
public spaces. By not just introducing natural elements into sterile envir-
onments like tunnels and waiting rooms, but by designing ‘meaningful
sensory combinations’ rooted in the local culture and people’s experiences,
these spaces can be transformed into ‘restorative environments’ that actively
enhance well-being. Future research is expected to further explore the
universality and cultural dependency of the effects of audiovisual experi-
ences on emotion by using objective physiological indicators in addition to
self-reports and by conducting similar experiments in different cultural
contexts.

Methods

Research design

The experiment was set up as a public installation, “Oto-Iro” (“Sound-
Colour” in Japanese), which was a month-long sound and video
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Fig. 4 | Tunnel layout and photographs of the A
installation. A Plan and section of the tunnel
showing speakers and projection panels.

B, C Photographs of the immersive environmental
installation, for the “red” condition (B) and “blue”
condition (C).
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presentation held in a 100-metre tunnel of OIST (Fig. 4). The tunnel serves
as a gallery for visitors as well as the entrance for the university. The
experiment aimed to test the influence of natural vs. synthetic sounds,
colours, and their juxtaposition on the emotional states of passersby in a
non-laboratory setting. The choice of the space allowed repeated pre-
sentations of specific stimulus combinations to overlapping groups of
participants, the majority of whom were commuters. The procedures have
been approved by OIST’s Human Subject Research Ethics Committee.

Variables and experimental conditions

Acoustic stimuli comprised natural and synthetic categories, in addition to
no sound presentation. Natural scenes generally comprise different facets,
yet the number of stimuli that could be presented during the experiment was
limited. Previous studies found that the beneficial effect of natural sounds
depends on whether the sounds are recognised™. With these considerations,
the natural acoustic stimuli comprised mixtures of recordings from the local
terrestrial scene (Ryukyu scops owl hoots against the background of night
insects), ocean scene (gentle waves against the background of coral sounds),
and rainy scene (frog sounds against the background of rainfall sounds).
Natural sounds were recorded using the following equipment: Micro-
phones, Sennheiser MKH416, Sennheiser MKH 8040 AQUARIAN
Hydrophone. Recorders; ZOOM F6, ZOOM HB8, Format: 44.1 kHz/24 bit.
The Owl sound was recorded by OIST’s Okinawa Environmental Obser-
vational Network.

The synthetic sounds mimicked the natural sounds, but were synthe-
sised from filtered white noise and basic waveforms. These sounds were
modelled in MaxMsp, and each iteration of a sound was modulated using
simple triggers and envelopes; attack, decay, sustain and release. The sounds
were sequenced using random pattern generators to simulate the periodicity
found in the natural source files. These were output as WAV files at
44.1 kHz/24 bit.

Sound textures were analysed using C1 correlation (Fig. 5), which
quantifies the degree of similarity in amplitude modulations across different
acoustic frequency channels of a sound (McDermott & Simoncelli, 201 1)*.
Specifically, it captures correlations between modulation bands that are
tuned to the same temporal modulation rate but lie in different cochlear
frequency channels (52-8844 Hz in 30 bands). For each sound file (WAV
files, sampled at 44.1 kHz, 16 bits per sample), the magnitude of signals in
cochlear channels and their modulation were computed in MATLAB using
the function MelSpectrogram. Then, the pair-wise correlation of the mod-
ulation envelopes across cochlear channels was computed using the
MATLAB function corrcoef at the modulation frequency of 4.78 Hz.

The sound and colour conditions were paired exhaustively, resulting in
14 specific combinations (three natural sounds x 2 hues; 3 synthetic sounds x
2 hues; no sound x 2 hues) and presented in blocks of 20-minute segments.
The tunnel environment was darkened, and the main source of light was the
projected images whose colours comprised red vs. blue hues. The stimuli
were presented from 8:00 to 18:00 everyday, including weekends. As

npj Acoustics| (2026)2:12


www.nature.com/npjacoustics

https://doi.org/10.1038/s44384-026-00048-7

Article

Table 1 | Typical tunnel acoustic metrics at 500 hz centre
frequency

EDTs Cc® db
0.64 6.7

T(30) s
1.46

commuters typically arrive at around the same time every day, stimuli were
randomly permuted across days for each 20-minute slot of the day to ensure
that all combinations were matched in frequency for a given time of the day.
The tunnel was open to the public. The exact acoustic parameters could
slightly change depending on occupancy and the density of participants. See
Fig. 4 for visual representations of the tunnel.

Acoustic stimuli were presented via 15 speakers, controlled via the
audio interface (MOTU - 24Ao). Visual stimuli comprised abstract images,
with warm reds and yellows, or cool blues and greens. These were presented
via 20 projectors (25,600 pixels by 720 pixels in total, displayed on spaced
displays in 90 metre by 1 metre). Audio and visual are controlled simulta-
neously by the media processing programme built with TouchDesigner
running on a Windows 11 Machine (AMD GPU WX9100, Ryzen 7
3700X CPU).

The acoustic conditions within the tunnel are as reported in (Table 1):

Data collection

Human Ethics: Ethics permission was granted by the Okinawa Institute of
Science & Technology Human Subjects Research Review Committee.
Approval Date: December 12th 2024, Reference (HSR-2024-017). The
approval granted by the Human Subjects Review Board aligns with the
“Ethical Guidelines for Life Science and Medical Research involving Human
Subjects” set by the Japanese government, which itself is based on the
Belmont Report and the Declaration of Helsinki.

Consent to participate: There was no personal information associated
with the data collected. All passersby were clearly notified before entering
the premises of the presence of the camera and the procedure to anonymize
the data. If, however, they did not want to participate in the study, they were
able to take alternative routes of entry into the building.

Participants’ emotional states were assessed using Russell’s circumplex,
a 2-dimensional coordinate system where one axis corresponds to valence
and the other to arousal”. The survey was implemented as a MATLAB
(R2024a) script on a workstation running Windows 11. Participants were
prompted by signage to volunteer, whenever possible, to report their states
using touchpad survey stations installed at the two ends of the tunnel. All
instructions were included in the panel. Upon touching the screen (IO Data
IODATA Mobile Monitor, Multi-Touch, 21.5 Inches, Full HD ADS Panel),
a point appeared briefly at the coordinate entered as visual feedback, fol-
lowed by an acknowledgement page. The time and coordinates were
automatically appended to a table and stored as a text file.

Data processing and analysis

The tables from the survey stations were imported into MATLAB for
analysis. Data from two stations were combined for analysis. Coordinates
for each condition were indexed based on the timestamps. For each cate-
gory, the coordinates entered were vector-averaged to give the direction and
strength. These resultant directions corresponded to the quality of emo-
tional states, and the magnitudes to the coherence of the emotional state.
Circular statistical methods™ were used for the statistical analysis of these
summary measures. Null distributions were obtained by random shuffling
of the labels repeated 10,000 times, for both the vector direction and the
magnitude of the resultant vector.

Participant demographics and selection criteria

Participation was voluntary and anonymous. Employees of OIST com-
muting to and from work, as well as public visitors, were the target demo-
graphics. All entries during the experimental period were included in
the study.

Data availability

The data that support the plots within this paper and other findings of this
study are available from the corresponding authors upon request. No code
was generated.
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