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ABSTRACT

In this paper, we describe the design, implementation, and
evaluation of a sound installation that is based on the spatial sonifi-
cation of climate change data on global temperature, CO2 concen-
tration, Arctic and Antarctic ice sheet mass, and sea level variation.
Titled “Unnatural Nature,” the installation aims to evoke in the
listeners an emotional connection with the data and an increased
awareness of climate change. The sound engine underlying the
sonification implements a range of sounds that model a natural
soundscape as well as those that are more abstract. The sonifica-
tion also leverages audio spatialization using a higher-order Am-
bisonic system to create an immersive experience that envelopes
the listener in the modeled soundscape. We discuss the technical
implementation of the sonification and some of the aesthetic deci-
sions that were incorporated into the installation. We then present
the results of a user study that aimed to understand participants’
interpretation of and engagement with the sonification, and its ef-
fectiveness in conveying the trends in climate data.

1. INTRODUCTION

Sound can be a powerful tool for conveying information to a lis-
tener and evoking emotional responses [1]. Prior research has
shown how capable our auditory systems can be in recognizing
temporal changes and patterns in sound [2, 3]. The experience
of perceiving a sound can be very personal and, in many cases,
have a more profound effect than sight [4]. While our visual sys-
tems capture information with limited directionality, our auditory
perception operates omnidirectionally, allowing us to monitor our
surroundings from all angles. Therefore, presenting scientific data
through an immersive sonification can be an effective way of con-
veying the underlying implications of a data set and eliciting an
emotional response from listeners.

“Unnatural Nature” is a two-part installation that offers an im-
mersive and interactive experience in a room-scale environment.
It explores the evolution of global climate over the past century
and imagines future scenarios based on human activity. The first
part of the installation focuses on the spatial sonification of four
different data sets obtained from NASA’s global climate change
database [5]. The second part explores how the participants’ in-
teraction with the environment can shape the future evolution of
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our climate. To provide the reader with the broader context of our
installation, this paper will touch upon the use of interaction in
the second part of the installation. However, the paper will pri-
marily focus on the design and implementation of the first part,
wherein an immersive data sonification is presented to the listen-
ers. Furthermore, we will offer the details and results of a user
study, which was carried out to gather qualitative data on the lis-
teners’ experience of this sonification in terms of their interpreta-
tion of sound sources, data mapping, spatialization, and emotional
engagement.

2. RELATED WORK

Previous projects have leveraged sonification as a means to com-
municate information about climate change, generate an aware-
ness of the environmental crises stemming from it, and en-
courage an empathetic attitude towards the environment through
sound [6, 4, 7]. Apart from its practical and scientific applications,
sonification can offer unique compositional possibilities grounded
in data. Such uses can facilitate public engagement and bear the
potential to “increase the human understanding and appreciation
of the forces at work behind the data” [8]. The use of data sonifi-
cation in music composition is also referred to as musification [9].
For example, in the project “Musification of Seismic Data,” the
sonification is enhanced through sound effects that create timbral
variations in a generative music composition. In doing so, the
project aims to contribute to environmental consciousness and of-
fer a musical experience that is “both a meaningful tool for geo-
physics monitoring as well as an engaging means of raising public
seismic awareness” [10].

As concerns about the environment and the urgency of the
climate crisis continue to grow, an increasing number of com-
posers, sound designers, and researchers are turning to innovative
approaches in sonification to increase awareness of this issue and
inspire action [11, 12, 13, 14]. In his telematic opera “Auksalaq,”
Matthew Burtner offers a commentary on the melting of Arctic
ice through the use of data sonification, field recordings, musical
instruments, and computer-generated sounds; data from ice cores,
sea ice measurements, and temperature records are sonified to con-
vey the changes in Arctic ice over time [15].

In another example by Michael Gould, Stephen Rush, and
Marion Tränkle, “A World Without Ice” draws inspiration from the
book of the same name by Henry Pollack, who is a geophysicist
and climatologist. The installation incorporates a sonification of
century-long environmental data that govern the pitch and rhythm
of a musical composition. This is accompanied by a large-scale
projection of photos from the Arctic and Antarctic, as well as ac-
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tual ice blocks melting on snare drums to create percussive sounds.
Through these modalities, the installation invites the visitors to
contemplate the impact of climate change on the world's ice re-
serves [16].

The environmental artist Andrea Polli uses the termgeosoni-
�cation to refer to the “soni�cation of data from the natural world
inspired by the soundscape” [7]. The term “soundscape” was pro-
posed by the composer Murray Schafer, who de�ned it as all the
sounds present in one's environment. Soundscape studies pio-
neered by Schafer explores the evolution of our auditory environ-
ments in the modernized world and how sound mediates the re-
lationship between humans and their environments. These ideas
are �eshed out in his in�uential book “The Tuning of the World,”
which has prompted the �eld of acoustic ecology [17]. The ap-
plication of soni�cation to acoustic ecology makes it possible for
listeners to experience those aspects of the environment that extend
beyond human perception. Correlating environmental information
with sounds in the audible range can help listeners gain a deeper
understanding of the environment [18]. In this vein, Polli's work
engages with the representation of weather and climate data at
the intersection of soni�cation and acoustic ecology. Her projects
“Atmospherics/Weather Works” [8], “N.” [19], and “Heat and the
Heartbeat of the City” [20] aim to recreate visceral sensations of
historical storms, the Arctic's complex weather, and the summers
in New York City based on climate data. These geosoni�cations
model the immersive, moving, and non-repetitive qualities of nat-
ural soundscapes [21].

Finally, the Klima|Anlage installation shares similarities with
the work presented in this paper in terms of its use of climate data
and spatial interaction. The walk-in sound installation translates
climate data into sound using four physical sound generators that
represent different parameters of climate change over time. The
parameters include air temperature, wind, precipitation, and solar
radiance. Participants interact with the Klima|Anlage installation
by choosing climate data between 1950 and 2100 from twelve re-
gions in the world identi�ed in the Fourth Assessment Report of
the Intergovernmental Panel on Climate Change. This way, the
installation provides an opportunity for the public to interact with
climate data and gain a direct and affective understanding of cli-
mate change [22].

3. UNNATURAL NATURE

Following a similar approach to environmental data soni�cation,
“Unnatural Nature” aims to highlight the global issue of climate
change through a two-part sound installation. The �rst part con-
sists of a soni�cation of four global climate data sets related to
temperature change,CO2 concentration, Arctic and Antarctic ice
sheet mass, and sea level variation. The soni�cation is imple-
mented for a third-order Ambisonic speaker array. The installa-
tion also consists of a full-wall visual display that shows the years
counting from 1880 to 2022 (i.e., the span of the longest-running
data set used in the project) and an abstract visualization that is
driven by data and audio. In this part of the installation, the par-
ticipants are free to explore the room-scale environment where the
immersive soni�cation is presented. In the second part, the partic-
ipants are encouraged to interact with the live plants placed in the
room, in�uencing the future evolution of the data. These interac-
tions are tracked through capacitive and inertial sensors placed in
each plant to detect when the plants are touched or moved. Each
plant is connected to a different sound source that is triggered

and manipulated based on user interaction. By interacting with
the plants, the participants also in�uence an abstract visualization
which is presented through the full-wall display.

The following sections discuss the data sources, sound design
and data mapping strategies, Ambisonic spatialization techniques,
and the resulting soni�cation of global climate data presented in
the �rst part of the installation. A binaural rendering of the soni-
�cation and its visual accompaniment can be viewed at the linked
video.1

3.1. Data Source

(a) Global temperature change
trend between 1880-2022. Ranging
from -0.09 to 1.01 C� .

(b) Global concentrations ofCO2
trend between 1958-2022. Ranging
from 315 to 429 ppm.

(c) Global mean sea level variation
trend between 1993-2022. Ranging
from -34.5 to 54 mm.

(d) Ice sheet mass trend in Antarc-
tica (green) and Greenland (yellow)
between 2002-2022 ranging from 0
to -5110 gigatons.

Figure 1: Trends in the four data sets used in the soni�cation.

The four data sets soni�ed in this project are gathered from
NASA's Global Climate Change database. These are related to the
following variables: (1) global-land temperature change (C°) from
1880 to 2022 [23]; (2) levels of carbon dioxide in the Earth's atmo-
sphere (parts per million, or ppm) from 1958 to 2022 [24]; (3) sea
level variation (millimeters) from 1995 to 2022 [25]; (4) combina-
tion of ice sheet mass from the Arctic and Antarctic (gigatonnes)
from 2002 to 2022 [26, 27]. The overall trends in these datasets
are shown in Fig. 1. For each of these data sets, the annual mean
was utilized without adding or removing any data points, meaning
that there is only one data point per year in each data set.

3.2. Sound Sources and Data Mapping

The soni�cation in this project relies on the parameter-mapping
technique, where data points are mapped to various parameters of a
sound synthesizer or sound-generating algorithm [28]. In this case,
the soni�cation is implemented using the multimedia program-
ming language Max/MSP. The four data sets are mapped to the
parameters of �ve sound engines as shown in Fig. 2. All sounds are
generated using a combination of sine-wave oscillators and noise
sources processed through various effects, waveshapers, �lters,
and synthesis techniques to model different sound sources. These
synthesized sources range from natural soundscape elements, such

1https://youtu.be/YjKPPPEND1E
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as wind, water drops, and birds, to more abstract elements, such as
harmonic and melodic drones and percussive sounds. The aim of
modeling natural sounds was to leverage auditory icons, which are
sounds that convey information by mimicking real-world sounds
or auditory cues [29, 30]. The procedural quality of these sounds
emulates the non-repetitive and timbrally diverse characteristics of
natural soundscapes. On the other hand, variables that do not have
real-life visual or auditory referents, such as temperature, which
we can feel but cannot physically see or hear, were mapped to ab-
stract sounds. Nevertheless, these sounds still leverage parameter
mappings based on analogic representations, wherein an increase
or decrease in the data trend translates to an increase or decrease
in the corresponding audio parameters [6].

3.2.1. Ice Sheet Mass

The Arctic and Antarctic ice sheet mass data are mapped to the
parameters of a synthesizer that creates water-like sounds as a
metaphor for melting ice. This is an example of an indirect eco-
logical mapping, wherein the sound can be “ecologically associ-
ated with, but not directly attributable to” an environmental vari-
able [31]. The water drops are synthesized with pink and white
noise sources passed through very short amplitude envelopes and
�ltered through high-resonance low-pass and band-pass �lters,
whose center frequencies quickly sweep through a spectral range
with each drop. To add variation and randomness to these drops,
they are passed through a granular synthesizer that re-envelopes
and re-pitches them, giving the sense of water drops of different
sizes. The granulation occurs at irregular intervals to avoid rhyth-
mic and predictable sound patterns.

The ice sheet mass is inversely mapped to the playback rate
of the water drops, meaning that as the mass decreases through
the years, the water drops become more frequent, suggesting an
increase in the rate of melting. The data is also inversely mapped to
amplitude envelope length and grain size, gradually revealing the
underlying noisiness of the sound source and leading to a harsher
soundscape as the ice sheet mass continues to decrease over the
course of the years.

3.2.2. Sea Level Variation

The sea level variation is represented by wind sounds, offering an-
other indirect ecological relationship by referencing �ooding and
hurricanes. These sounds are modeled by passing a white noise
source through a low-pass �lter. The sea level is mapped to the
modulation speed and resonance factor of a low-pass �lter applied
to the noise. In this way, the increase in the sea level results in
faster and more-resonant sweeps, creating the sensation of harsher
and more rapid winds. Furthermore, the data also controls the in-
tensity of a clipping effect applied to a low-frequency noise, which
begins to create a rumbling sound over time. In combination, these
mappings convey the metaphor of a hurricane.

The sea level data also controls another low-pass �lter applied
to the soni�cation of the ice sheet mass. Speci�cally, it is inversely
mapped to the �lter's cut-off frequency. As the water drops be-
come more frequent but also increasingly low-pass �ltered, the re-
sulting sound design suggests a sensation of going underwater in
the �nal years of the soni�cation. This cross-mapping is intended
to re�ect how these data sets do not represent mutually exclusive
environmental shifts and are inherently intertwined.

3.2.3. CO2 Concentration

TheCO2 data is represented by procedurally synthesized bird and
percussion sounds that are aimed at conveying the atmospheric
pollution generated by excessCO2 in the air due to human ac-
tivity. The bird sounds are modeled by applying short pitch and
amplitude envelopes, as well as linear frequency modulation, to
a sine wave oscillator to emulate the sound of bird chirps. The
modulation rate and center frequency for the birds are random-
ized in a predetermined range to create the illusion of different
bird species singing concurrently. Over the course of the soni�ca-
tion, theCO2 level gradually morphs the bird sounds by expand-
ing their envelopes and revealing their synthetic nature. TheCO2

level is also inversely mapped to the fundamental frequency of the
bird sounds and the threshold of a wave-folder applied to them,
which leads to more distorted sounds that grow less evocative of
birds over time. This contrasts with the common mapping of ris-
ing data to pitch increase and yields a growingly unnatural and
distorted sound as the pitch of the birds decreases over time.

The percussion sound was designed to create the illusion of
machinery using a combination of a low-frequency sine wave and
white noise passed through a short envelope. This sound design is
intended as a metaphor for industrial machines that contribute to
human-made pollution. TheCO2 level is mapped to the tempo,
volume, and pitch of the percussion sound. As a result, the sound
becomes more frequent and more prominent as the years progress.

3.2.4. Temperature Change

The temperature change data is represented by a low-pitched drone
designed using additive synthesis with notes that are procedurally
selected from a predetermined scale. The use of a more ambient
and abstract sound to represent this data set is intended to convey
the omnipresent and intangible qualities of environmental temper-
ature. The progression of the temperature change data controls the
level of inharmonic partials in the additive synthesis. This brings
about variations in the timbre of the drone and introduces disso-
nant qualities over time. Furthermore, the data also controls a
wave-folding effect that changes the overall timbre of the drone
gradually. As the data trends upward, the amplitude threshold for
the wave-folding is decreased, producing additional harmonics and
therefore expanding the bandwidth of the drone. This results in a
noisier sound quality as the years pass. Finally, the data is expo-
nentially mapped to the cut-off frequency of a low-pass �lter that
gradually opens as the temperature change increases, revealing the
expanding spectrum of the drone.

Two thresholds are de�ned in the data to trigger harmonic
changes in the drone. When the temperature change index is below
0°C, the drone randomly plays notes from a major seventh chord.
When the change index reaches numbers exceeding 0°C in 1939,
the notes in this scale begin to get shifted, making it increasingly
dissonant along with temperature change.

3.3. Ambisonic Spatialization

Polli's concept of geosoni�cation, which refers to the use of sound-
scapes to represent data, underlies our approach to spatialization
in this project. As Polli argues, leveraging the immersive na-
ture of soundscapes in geosoni�cation can transport the listener
to a different environment and foster a deeper connection with the
message conveyed [7]. The spatialization of our soni�cation is
achieved using a 22-speaker third-order Ambisonic loudspeaker
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Figure 2: Mapping of the data sets to sound sources, audio parameters, and spatial properties. While parameters highlighted in blue are
directly proportional to the data, those in red are inversely proportional.

system, which can reproduce point sources in 3D space. For the
Ambisonic spatialization of our sources, we used the Ambisonics
Externals designed at the Institute of Computer Music and Sound
Technology at the Zurich University of the Arts [32]. The use of
Ambisonics also allows us to abstract the encoding of the sound-
�eld from the output system that it is decoded to. In this way, our
spatialization can be played back through different speaker con�g-
urations, as well as headphones.

Each sound is implemented as a point source that can be
moved within the sound�eld in relation to data. For instance, the
bird sounds move in circles around the 3D space with their move-
ment speed mapped to theCO2 concentration.

The water drops are randomly positioned on the horizontal
axis to create the sense of rainfall, while their vertical position is
controlled by the sea level to create the illusion of being submerged
as the years pass. The movement speed of the wind sounds is also
controlled by the sea level. When the sea level is low, the wind
moves slowly and smoothly in a straight line; as it increases, the
winds begin to move faster and more irregularly.

The percussion sound is randomly placed throughout the
sound�eld with each hit. As theCO2 level increases the tempo
at which this sound is played, the random positioning leads to a
more chaotic spatialization.

The drone sound is spatialized with twelve point sources in
groups of four that are spaced evenly in the horizontal axis at three
different elevation values. The partials of the drone are divided
into three groups of low, mid, and high frequencies and mapped to
these dedicated elevation groups. This design produces the effect
of the drone expanding upwards as additional partials are intro-
duced over the course of the soni�cation.

4. EVALUATION

An exploratory user study was conducted to gather qualitative data
about participants' experiences while listening to the soni�cation.
The study was carried out in the Davis Technology Studio at the
University of Michigan's School of Music, Theatre & Dance. This
is an audio research facility equipped with a 22-speaker Ambisonic
loudspeaker array and a full-wall projection system.

4.1. Aim

The study aimed to explore the effectiveness of the soni�cation
in conveying trends in the data, providing participants with fur-

ther insight into climate change, and evoking emotional responses.
The results of this study can contribute to the development of fu-
ture soni�cation projects aimed at communicating complex cli-
mate data sets to a general audience.

4.2. Participants

A total of 24 participants between the ages of 18 and 45 took part
in the study. Participants were recruited via email. Thirteen of
the participants were undergraduate and graduate music students
whose majors ranged from classical music and jazz performance to
composition and music technology. The remaining eleven partici-
pants came from a diverse range of backgrounds, including visual
arts, ecology, biology, public health, physics, and anthropology.
The participants observed the installation in two groups of twelve.

4.3. Procedure

The study involved two sections, where the participants listened to
a 5-minute version of the spatial soni�cation and viewed the year
count on a full-wall display once in each section. The soni�cation
was presented through a third-order Ambisonic speaker array. Be-
fore the �rst listening, it was explained to the participants that they
would hear a soni�cation of climate data without being provided
further detail about the data sets or the soni�cation itself. At the
end of this section, they were asked to �ll out a survey that included
the questions seen in Table 1(a). Before the second listening, it was
explained to the participants that the soni�cation was based on four
global data sets pertaining to temperature change,CO2 concentra-
tion, ice sheet mass, and sea level variation. It was also explained
that these data sets were mapped to various parameters of �ve dif-
ferent sound sources. They then listened to the soni�cation again
and �lled out a second survey, which included the questions shown
in Table 1(b).

4.4. Results and Discussion

To facilitate the analysis and discussion of the qualitative data ac-
quired from the study, we identi�ed four main themes based on
the technical and conceptual implementation of the soni�cation.
These themes are auditory qualities, data mapping and trends, spa-
tialization, and emotional engagement.
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(a) First Section Questions
No. Question
1.1 Do you think the piece has in�uenced your emotional state? If so, please explain how.
1.2 How would you characterize the evolution of the sounds over the course of the soni�cation?
1.3 What sounds do you think you might have heard? Did these sounds resemble anything that you have heard before?
1.4 Which of the sounds you heard in this soni�cation was the most prominent?
1.5 Have you noticed a trend in the data while listening to the soni�cation? (Multiple Choice)
1.6 Did the placement and movement of the sounds around you in�uence your experience? If so, please explain how.

(b) Second Section Questions
No. Question
2.1 Do you think the provided information about the soni�cation affects your perception of it? If so, please explain how.
2.2 Knowing that this piece soni�esCO2 concentration, temperature change, sea level variation, and ice sheet mass data, how do

you think these data sets might be mapped to the sounds you have heard?
2.3 How effective do you think the soni�cation was in representing trends in the data? (Likert Scale)
2.4 Has the provided information affected your interpretation of the placement and movement of sounds? If so, please explain how.
2.5 Does listening back to the soni�cation evoke any different emotions?
2.6 How does this experience compare to your understanding of climate change?
2.7 Do you think this experience gave you any further insight into climate change? If so, please explain how.

Table 1: Survey questions given to participants after each section of the study.

4.4.1. Auditory Qualities

This theme focuses on the participants' perception of sound
sources, how these sounds evolved over time, and which of these
were the most prominent. When asked about the sounds they heard
in Question 1.3, the participants identi�ed both natural and syn-
thetic sounds as shown in Fig. 3(a). The most frequently used
descriptor was “birds” followed by “water,” “wind,” “synthesizer,”
and “percussion,” indicating that most participants picked up on
the associations we intended to evoke with auditory icons. Besides
the sources identi�ed here, some participants used descriptors like
viscous liquids, train-like noises, bells, alarms, human footsteps,
and combustion engines. While some of these re�ect the subjec-
tive nature of auditory recognition, we observed a general overlap
between the participant's interpretation of the sound sources.

The participants generally described the evolution of these
sounds over the course of the soni�cation as starting with natural
and calming qualities that gradually become more “chaotic” and
“ominous,” accompanied by an increase in tempo and the intro-
duction of “dissonance” and “jarring sounds.” As one participant
pointed out:

The sounds in the beginning were far more nature-
based and light-sounding; birds and ambient sounds
with a gentle effect. As the years went by, the sounds
got darker and sharper, more of a mechanical in�u-
ence; cars, machine-like deep basses. Nature was
still present in water, bird sounds, but they were
drowned out/suffocated by everything else.

Other participants similarly described that the natural sounds
in the beginning were eventually overpowered by more mechani-
cal and industrial sounds. A shift towards a feeling of anxiety and
being �ooded or drowned was also a common theme. One partici-
pant noted:

Increasingly dreadful, ominous, frightening. It went
from peaceful to awful very quickly. It was almost
like a warning bell/alarm. One could only predict if
it continued on it would just be eventual silence.

(a) Word frequency analysis of the responses to Question 1.3 pertaining to
sound sources identi�ed by the participants.

(b) Word frequency analysis of the responses to Question 1.4 pertaining to
the prominence of the sounds that the participants identi�ed.

Figure 3: Word frequency analyses of responses to survey ques-
tions 1.3 and 1.4.

In their comparison of the prominence of the sounds they iden-
ti�ed, the participants listed the sources shown in Fig 3(b). While
these results indicate a preference towards the bird sounds, it also
shows that different listeners may focus on different auditory ele-
ments in a given soni�cation and prioritize the semantic qualities
of a sound over its perceptual properties and vice versa.

In the second section of the study, the responses revealed that
providing additional detail about a soni�cation can in�uence a par-
ticipant's interpretation of it. While two thirds of the participants
reported that this information helped them parse the sounds more
easily, ten participants reported that knowing the context allowed
them to pick up on new details in the sound. Although we recog-
nize some of these responses could be rooted in the fact that the
participants were listening to the same soni�cation a second time,
these could also suggest that offering contextual information about
a soni�cation can provide the listeners with a framework for their
experience and facilitate a deeper understanding of the data.
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