ARCHIVES OF ACOUSTICS

Research Paper

Virtual Reality Technology in Analysis
of the Sarek National Park Soundscape in Sweden

Dorota MEYNARCZYK*™, Jerzy WICIAK

AGH University of Krakow
Krakéw, Poland

*Corresponding Author e-mail: dorota.mlynarczyk@agh.edu.pl

(received July 21, 2023; accepted April 8, 2024; published online July 9, 2024)

The paper presents an in-depth analysis of the soundscape within Sarek National Park, the oldest national
park in Europe, situated in Lapland, northern Sweden. The comprehensive acoustic measurements, ambisonic
recordings, and 360° video recordings were carried out during a scientific expedition in the summer of 2020.
The aim of the paper is to show the soundscape analysis of carefully selected characteristic locations in various
parts of the valley. The paper extensively discusses the findings derived from the recorded data using both clas-
sical acoustic methods and the soundscape approach. The classic acoustic parameters, commonly employed in
environmental acoustics as well as eco-acoustic indices such as: ACI (acoustic complexity index), ADI (acoustic
diversity index), AEI (acoustic evenness index), NDSI (normalized difference soundscape index), BIO (energy
level of biophony), amplitude index (M), and total entropy (H) were calculated. To gain further insights,
listening tests, facilitated through virtual reality tools, were conducted, enabling participants to engage in
soundwalk experiences. By employing a combination of traditional acoustic methods and innovative sound-
scape approaches, the paper presents a holistic evaluation of the auditory environment in Sarek National Park.
The main contribution of the presented research is providing new data from the unique, geographically in-
accessible region of the world, the Sarek National Park. This research not only enriches our understanding
of the national park’s soundscape but also offers valuable insights into the interaction between the natural
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environment and human perception of sound.
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1. Introduction

Unique sounds should be treated as intangible
heritage worthy of protection and preservation. The
idea of the value of sounds found in the acous-
tic environment is closely related to the concept of
soundscape. The soundscape method was first intro-
duced in the work of authors such as SOUTHWORTH
(1969), SCHAFER (1977), KRAUSE (2012), BROWN
et al. (2015). The data collection methods and sound-
scape descriptors for the soundscape assessment have
been introduced by ALETTA et al. (20165 2019), KANG
et al. (2016).

The perception of sounds in the environment is
a complex creative process, involving the active percep-
tion, analysis, and interpretation of sensory phenom-

ena. In this process, incoming sensory signals are pro-
cessed in a manner consistent with previously acquired
experience. Some techniques to scale the perception of
specific sounds are described by BERGLUND and NILS-
SON (2006), DAVIES et al. (2013), DE COENSEL and
BOTTELDOOREN (2006). A principal component model
of the soundscape perception is portrayed by AXELS-
SON et al. (2010). An extensive set of 116 soundscape
attributes were well integrated into three basic com-
ponents or dimensions of the soundscape perception:
pleasantness, eventfulness, and familiarity.

In 2008, the Working Group at the International
Organization for Standardization [ISO] was established
and was named “Perceptual assessment of soundscape
quality” (MITCHELL et al., 2022). The results of the
work of this team have been published in the form
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of standards within the ISO 12913 series on sound-
scape. Part 1 is a full standard and provides a gen-
eral framework and definitions of soundscape concepts
(ISO, 2014), while part 2 and part 3 are technical spec-
ifications and offer guidance on how data should be
collected and analysed, accordingly (ISO, 2018; 2019).

Psychoacoustic research on the soundscape is diffi-
cult and complex. It is difficult to determine the values
of variables that will define not only acoustic prefer-
ences, but also the mood and emotional state of an in-
dividual person. Different subcultures can be identified
in each area, which are further influenced by individual
preferences (FARINA, 2014). A soundscape only defined
as friendly to some people may be neutral or annoying
to others. The determination of what is a friendly and
beneficial soundscape and what is not, is also deter-
mined by the level of social acceptance (JIANG et al.,
2022). The following eco-acoustic indices are currently
used: acoustic complexity index (ACI), acoustic diver-
sity index (ADI), acoustic evenness index (AEI), nor-
malized difference soundscape index (NDSI), energy
level of biophony (BIO), amplitude index (M), and
total entropy (H) (BRADFER-LAWRENCE et al., 2019;
FLOWERS et al., 2021; PIERETTI et al., 2011). These
indices are quantitative measures used in environmen-
tal research to assess acoustic properties of ecosystems.
The calculation of these indices is based on the ana-
lysis of the acoustic energy distribution in soundscape
recordings. Through monitoring and such analysis, bio-
diversity patterns, habitat and ecosystem health, and
ecological changes can be studied.

The ACI quantifies sound complexity by assess-
ing the variability of intensities between time sam-
ples within a specific frequency band. The higher ACI
values the higher level of bird or insect activity. The
ADI is calculated by applying the Shannon diversity
index to the relative proportion of signals occurring
in each 1 kHz frequency band. The higher ADI values
the greater evenness soundscape and number of occu-
pied frequency. The AEI assesses the balance of sound
sources by estimating the Gini coefficient based on the
signal proportion in each 1 kHz band. The lower AEI
values the less saturated soundscape. The NDSI calcu-
lates the ratio of signal power in the frequency bands
between 1 kHz-2 kHz (anthrophony) and 2 kHz-8 kHz
(biophony). The higher NDST values the higher level of
biophonic activity. The BIO quantifies the signal power
specifically within the 2 kHz-8 kHz frequency band,
representing the biophony. The higher BIO values the
higher levels of biophonic activity in the soundscape.
The amplitude index (M) is a metric that assesses the
variations in signal amplitude within a designated fre-
quency band, providing a measure of the intensity or
strength of acoustic signals present in a given environ-
ment. The higher M value, the greater the amplitude
variations within the specified frequency band. Total
entropy (H) quantifies the overall unpredictability and

complexity of acoustic signals in a given system, re-
flecting the diversity across different frequency bands.
The higher H value, the greater the unpredictability
and complexity of acoustic signals, indicating a more
diverse sound environment.

The dynamic development of civilisation and the
huge number of anthropogenic noise sources in the en-
vironment makes silence of particular value. Silence,
understood as the audibility of the sounds of nature, is
becoming a much sought after value. Numerous scien-
tific studies show that recording acoustic environments
captures their phonic richness and the unique sound
features of the environment (DE COENSEL, BOTTEL-
DOOREN, 2006; SCARPELLI et al., 2021; BERNAT, 2013;
RYCHTARIKOVA, VERMID; 2013; CZOPEK et al., 2019;
MALECKI et al., 2020; BORKOWSKI et al., 2021).

This paper presents the results of measurements
and analysis of survey data recorded in Sarek National
Park, in Lapland in Sveden during a 10-day research
expedition (CZOPEK et al., 2022).

The analysis was carried out using the classical
method and the soundscape method. Basic classi-
cal acoustic parameters used in environmental acous-
tics (the A-weighted, equivalent continuous sound
level, spectrograms, spectra) were calculated. Also, ba-
sic soundscape attributes “pleasant”, “eventful”’, “an-
noying”, “calm”; etc., were used to assess the sound
environment. The virtual reality (VR) technology was
used to perform listening tests. Furthermore, eco-
acoustic indices including: ACI, ADI, AEI, NDSI, BIO,
M, and H were employed. These research methods
facilitated the comparison of multi-temporal acoustic
patterns across various sections of the valley, as well as
their correlation with the subjective evaluations pro-
vided by the listeners.

2. Lapland and the Sarek National Park

In present times, Lapland (also named Sapmi)
spans across the northern parts of the Scandinavian
Peninsula and the Kola Peninsula. This ethno-cultural
region boasts vast expanses of land. It covers ap-
proximately 390 thousand square kilometres across
four countries: Norway, Sweden, Finland, and Russia.
The indigenous people living in the Lapland region
are the Saami, whose population is estimated around
60 000-90000. At present, they are a minority among
the inhabitants of Lapland — approximately 2.3 mil-
lion people. Most of the Lapland’s territory is situated
north of the Arctic Circle. Its western region encom-
passes fjords, deep valleys, glaciers, and mountains, in-
cluding the highest peak, Kebnekaise (2111 m) located
in Swedish Lapland. The Swedish part of Lapland is
distinguished by the presence of major rivers that flow
from the northwest to the southeast.

Sarek National Park was established in 1909. It is
located in northern Sweden about one hundred kilo-
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metres beyond the Arctic Circle and covers an area of
1970 km?. Sarek National Park is approximately circu-
lar in shape with a diameter of approximately 50 km.
It is adjacent to two other national parks, namely Stora
Sjofallet and Padjelanta National Park. In December
1996, the adjacent national parks of Sarek, Stora Sjo-
fallet (1278 km?), and Padjelanta (1984 km?) were in-
scribed on the UNESCO World Heritage List collec-
tively as the Laponian Area. It met the five demand-
ing criteria (iii, v, vii, viii, ix) for Outstanding Uni-
versal Values. The Laponian Area, located in north-
ernmost Sweden, is a magnificent wilderness of high
mountains, primeval forests, vast marshes, beautiful
lakes, and well-preserved river systems. It contains ar-
eas of exceptional beauty such as the snow-covered
mountains of Sarek, the large alpine lakes of Padje-
lanta, and the extensive river delta in the Rapa Valley.
Also, the Laponian Area is an outstanding example of
traditional land-use, a cultural landscape reflecting the
ancestral way of life of the Saami people based around
the seasonal herding of reindeer (UNESCO, n.d.).
Sarek National Park is distinguished by its breath-
taking alpine scenery, featuring majestic mountain
ranges, narrow valleys, glaciers, swift rivers with abun-
dant rapids and waterfalls. Six of Sweden’s thirteen
highest mountains, nearly 100 glaciers, and long, deep,
and narrow valleys are located in the park. It is
renowned for its diverse wildlife, including large elk
and numerous predators. The meltwater from the nu-
merous glaciers feeds the main Sarek river, the Rahpa-
addno, forming the most renowned delta in the alpine
world. However, the park does not boast a wide vari-
ety of plant species. This is primarily attributed to the
fact that most of the park lies above the tree line, ap-
proximately 500 m in altitude, limiting the presence of
coniferous vegetation. Within the park, there are no
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tourist facilities, marked trails, or shelters for overnight
stays. The landscape of the area bears the unmistak-
able imprint of the ancient ice sheet, and traversing
Sarek is akin to embarking on a journey through Swe-
den’s geological past. In Sarek National Park, many
places have names derived from Sami languages. The
most common Sami names for locations or objects in
the park are tjakka or tjikko (mountain), vagge (val-
ley), jakka or jakko (stream), lako (plateau), and dtno
(river), e.g., Rapadtno means Rapa River.

Sarek is a challenging measurement and research
environment. The terrain and the weather can be very
hard and changing. Measurements and recording of
soundscapes were carried out in 8 places located be-
tween: Aktse and Skarja. Among which, the sound-
scapes captured in three places of the Sarek National
Park: Tjasskavarvasj, by the Radnik, Skarjé were ana-
lysed further (Figs. 1 and 2). At each point, 30-minute
ambisonic and 360° video recordings were made and,
except for Akste, where a 10-day sound recording was
carried out.

Tjasskavarvasj — the location on the left bank of
the Rapadalen Valley, near a section of the Kungsle-
den (King’s Trail) leading to the summit of Skierffe,
famous for its magnificent view of the Valley of the
Rapadtno River and its picturesque delta. The mea-
surement site is already within the boundaries of Sarek
National Park, shortly after branching off from the
Kungsleden Trail and heading up the Rapaétno River.

By the Radnik — the location on the left bank of the
Rapadalen Valley, northwest of the Radnik peak. From
the slope, there is a view extending over the valley.

Skarja (Smaila Moot) — the central location of
the park, was previously used as a pasture by the
Saami. Now, there is a small cabin equipped with an
emergency phone. The cabin is not open to hikers but
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Fig. 1. Location of measuring points in Sarek National Park: P-1 Tjasskavarvasj, P-2 by the Radnik, P-3 Skarja.
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Fig. 2. Sarek National Park landscape measuring points:
a) Tjasskavarvasj; b) by the Radnik; c) Skarja.

can be used as an emergency shelter. It is a place where
many hikers can be found. There is also a bridge over
the Smailajakk canyon which allows hikers to cross the
stream. The bridge is removed every winter and put
back in the spring, after the spring flood.

There were minimal anthropogenic sounds in the
soundscapes used to recreate and simulate the natural
environment. At the initial location, Tjasskavarvasj,
the primary sound sources are birds with quite high
frequencies. There is also sound of wind and streams.
At the site named “by the Radnik” the wind is the
predominant sound source. The soundscape of Skarja is
the only one with anthrophony. Here, the main source
of sound emanates from the water, accompanied by the
whispers of the wind, the gentle rustling of grass, and
occasional sounds of human origin. In this rich audio
tapestry, one can also discern the singing birds.

3. Virtual reality method and measurement

The analysis of the recorded soundscapes was car-
ried out using the method of recording the acoustic
environment and later recreating it in a laboratory
with a sound system and using the VR technology
(LAVALLE, 2019; WANG, 2020). Virtual reality is cre-
ated with the use of hardware and software. After don-
ning the goggles and headphones, our senses are cut
off from the outside world and we experience the phe-
nomenon of immersion, i.e., full immersion in a vir-
tual world. This allows us to experience simulations
of unusual places, objects or activities. Environmental
recordings were made using an ambisonic microphone,
360° camera and sound analyser SVAN957. Labora-
tory tests were carried out using a VR set — Ocu-
lus Quest 2. The realisation of a suitable VR project
requires the spatial image recording and the sound
recording made with an ambisonic microphone to be
converted and synchronised due to the different for-
mats of the recorded data. The obtained files were ren-
dered and then submitted to a final conversion in Spa-
tial Media Metadata Injector, resulting in 360° videos
with spatialised sound. The next stage of the work was
to calibrate the playback level so that it was possible
to play the films on the Oculus Quest 2 at the same
sound level as in real life.

Calibration was carried out in an anechoic cham-
ber with the use of the HATS (Head and Torso Simu-
lator) simulator with built-in microphones in the ears
by Bruel&Kjaer 12" type 4189 and the DAW — Pro
Tools software (Fig. 3).

a) b)

Digital Audio Workstation
Pink noise (.wav)

l((l(L))l)l lOcqus Air Link

[ Oculus Quest 2 ]

Head and Torso Simulator
Bruel & Kjaer %" typ 4189

[ Sound meter SVAN 958 ]

Fig. 3. Calibration of the Oculus’s sound level for listen-
ing tests: a) photograph of the equipment in an anechoic
chamber; b) block diagram of the calibration process.

The sound level was similar — around 30 dBA —
for the by the Radnik and Tjasskavarvasj soundsca-
pes. For the third soundscape (Skarja) used in simula-
tions, the sound pressure level was over 50 dBA.

The qualitative evaluation of the soundscape was
carried out with the use of questionnaires (ISO, 2018).
The questions concerned the issues of loudness as-
sessment, general impression, adjusting the sound
to the environment, describing emotions experienced
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at a given moment, but also specifying the existing
sound sources. There were questions verifying the con-
text and considering the extent to which the stud-
ied environment is perceived as monotonous, dynamic,
varied, unvaried, irritating, pleasant, calm or chaotic.
The survey included basic personal information and
seven questions. The Likert scale was used for all sur-
vey questions. Numerical values from 1 to 5 were as-
signed to the responses increasing with the nature of
the characteristic under investigation.

Psychoacoustic research was carried out on a group
of 30 people using a questionnaire that was com-
pleted by each participant after simulating the sound-
scape in the auralization laboratory. The study partic-
ipants included 13 men and 17 women. The age of the
respondents ranged from 21 to 23 years old, the largest
part of which were 22-year-old. Each examined person
completed the questionnaire three times.

The research was carried out in the auralization
laboratory of the Department of Mechanics and Vi-
broacoustics of the AGH University of Krakow. The
examined person sat on a swivel seat that allowed him
to turn freely during the simulation. Then, the test
participant put on the VR goggles — Oculus Quest 2
and received one of the two controllers compatible with
the VR headset (Fig. 4).

Nl | Al
Fig. 4. Tested person wearing VR goggles during an audi-

tory test at the Auralization Laboratory at AGH University
of Krakow.

The controller allowed each person to set individual
characteristics for each played file. Navigating through
cyberspace and switching on subsequent films was also
made possible by the controller. Playback levels were
calibrated individually for each participant and record-
ing, so that each test participant perceived the same
sound level as was actually present in the location.

The examined person was presented three spherical
films with spatial sound depicting three different sound
landscapes. Each simulation lasted three minutes and
was completed with a survey. The movies were played
in the following order: Tjasskavarvasj, by the Radnik,
Skarja the same sound level that was actually present
in the given place.

4. Results

The following four figures show the results of the
assessment of the surrounding environment. Figure 5
summarises the comparative characteristics of the vari-
ation in responses regarding the overall assessment of
the studied acoustic environments.

Overall, how would you describe the present surrounding
sound environment?

Neither good, Bad
nor bad

m VVery good m Good Very bad

©

<)
B
20 — ©
=
o
- =
a
10 ~
0
5 «~
o o o o o o o
0

5 4 3 21 5 4 3 2 1 5 4 3 2 1
Tjasskavarvasj By the Radnik

Number of responders
o
o

Skarja
Fig. 5. Distribution of votes for the assessment of the sur-
rounding sound environment of the tested sites.

It is noticeable that none of the soundscapes were
generally perceived as bad or very bad by the sur-
vey participants. The significant majority of respon-
dents rated the soundscapes presented as good or very
good. A very small number of participants described
the perception of the acoustic environment occurring
at the sites: Tjasskavarvasj and Skarja as neither good
nor bad. The median values calculated for all those
three places are the same — very good. Comparing the
distribution of votes for Tjasskavarvasj and Skarja, it
can be seen that there is very little difference between
the overall perception of the studied soundscapes. It
is noteworthy that the respondents rated the sound-
scape of Radnik as the best, resulting in the highest
number of votes for a very good assessment and no
votes for a neither good, nor bad, bad or very bad.
In contrast, the acoustic environment recorded at the
Tjasskavarvasj site was generally received as the worst.

Distribution of responses assessing appropriateness
of the surrounding sound environment of the tested
sites is shown in Fig. 6.

Overall, to what extent is the present surrounding sound
environment appropriate to the present place?

= Not at all u Slightly Moderately Good Perfectly
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Tjasskavarvasj By the Radnik Skarja

Fig. 6. Distribution of votes assessing appropriateness of
the surrounding sound environment of the tested sites.
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None of the sites analysed were rated by respon-
dents as matching the surroundings slightly or not at
all. A small number of respondents rated the sound fit
at each analysed site as moderate.

The significant majority described the fit of the
soundscapes as very good or ideal. The best match
between sound and surroundings with median value
equals 5.0 was recorded for the soundscape of by the
Radnik. The soundscape of Tjasskavarvasj received
a slightly lower rating, with a median of 4.5. The acous-
tic environment documented for Skarja was the worst
in this comparison and had a median value equal 4.0.

The distribution of votes regarding the loudness of
a site is shown in Fig. 7.

How loud is it here?

mNot at all m Sligthy Moderately Very Extremely
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Fig. 7. Distribution of votes assessing a loudness of the
sound environment.

None of the three analysed soundscapes were rated
as extremely noisy. Most people described the places
surveyed as slightly or moderately noisy or quiet. Out
of those surveyed, only the soundscape of Skarja was
rated as noisy by six respondents.

When comparing the median values of the loud-
ness ratings of the surveyed soundscapes, it is clearly
noticeable that Skarja’s soundscape was described
as the loudest. The median value is 3.0, indicating
that the soundscape was considered moderately loud.
The other two landscapes were rated very similarly —
as not at all or slightly noisy. The median value for
Tjasskavarvasj is 2.0 and for by the Radnik is 1.5.

The distribution of votes regarding willingness to
return to the surveyed places is shown in Fig. 8.

How often would you like to visit this place again?

m Never mRarely Sometimes Often Very often

30
25
20
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12
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Number of responders

- |
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By the Radnik

123 45

Tjasskavarvasj Skarja

Fig. 8. Distribution of votes assessing a willingness to re-
turn to the surveyed places.

The great majority of respondents would like to be
able to visit the presented places again. The median for
all locations is 4.0, indicating that respondents would
like to visit all places with similar frequency, and often.
Only two respondents would not like to visit the Skarja
landscape again. Analysing the distribution of votes, it
is noticeable that by the Radnik was considered by far
the most visitable place.

Figures 9 and 10 present selected results of the sur-
vey related to the eight perceptual attributes of the
acoustic environment of the three tested places.

The analysis of the results presented in Fig. 9 shows
that none of the respondents described the studied
acoustic environments as definitely unpleasant. The
Tjasskavarvasj and by the Radnik soundscapes were
also not rated as rather unpleasant. Only three of the
study participants characterized Skérjé’s soundscape
as rather unpleasant, and two as moderate unpleasant.
The second landscape by the Radnik was definitely the
most pleasantly perceived, the median of which was
5.0. For the other two locations — the median was 4.0.
Generally, all soundscapes were found to be pleasant.

The next question of the survey questionnaire ex-
amined the extent to which the analysed soundscape
is perceived as annoying. The soundscape of by the
Radnik was rated by all 30 respondents as definitely
non-annoying. None of the three locations was identi-
fied as being clearly annoying. The third soundscape
Skarja was found to be the most annoying place. The
median for Tjasskavarvasj soundscape is 2.0 and for
by the Radnik and Skarja is 1.0, which means that
the respondents defined a small or very small degree
of compliance with the examined statement.

As in the previous question, all of 30 respondents
described the by the Radnik soundscape as calm. Only
one person rated the last soundscape Skarja as defi-
nitely restless. The median of compliance was the high-
est for the second soundscape — 5.0, followed by the
first — 4.5 and third — 3.0 — soundscapes.

None of the soundscapes was considered chaotic by
the respondents. Twenty-six of respondents indicated
the soundscape of by the Rédnik as the least chaotic.
The median was the highest for the third soundscape,
which of the three was considered to be the most con-
sistent with the examined statement.

Figure 10 shows respondents’ answers regarding
to what extent the surveyed acoustic environments
are perceived as monotonous, vibrant, uneventful and
eventful. None of the landscapes were rated as defi-
nitely monotonous, with the exception of only three
people describing by the Radnik’s acoustic environ-
ment in this way. The median was the highest for
this landscape. On the other hand, the soundscape of
Skarja was considered to be the least monotonous.

The most vibrant soundscape was found to be the
last, third soundscape, with a median of 3.0. By
the Radnik’s soundscape was rated as the least vi-
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Fig. 9. Distribution of votes regarding the perception of the surveyed place as pleasant, annoying, calm, and chaotic.

brant — median is 1.0. The highest median — 4.0 — was
achieved by the soundscape of by the Radnik receiv-
ing the title of the most uneventful soundscape. None
of the sites surveyed were identified as definitely event-
ful. Feedback from participants identified the third
landscape as the most eventful.

Results shown in Figs. 9 and 10 could be reported
in a two-dimensional scatter plot with coordinates
for the two dimensions: pleasantness and eventfulness
(Fig. 11). In order to calculate the position of the indi-
vidual soundscapes, values from 5 (strongly agree) to 1
(strongly disagree) are taken for the individual percep-
tion assessments (ISO, 2019). The coordinates for the
pleasantness axis — P — are then obtained by substi-
tuting the mean values for pleasant (p), annoying (a),
calm (ca), chaotic (ch), vibrant (v), and monotonous
(m) into Eq. (1). The coordinates for the eventfulness
axis — F — are obtained by substituting the mean val-
ues for eventful (e), uneventful (u), chaotic (ch), calm
(ca), vibrant (v), and monotonous (m) into Eq. (2):

P=(p-a)+cos4b®-(ca—ch)+cos4b’-(v-m), (1)

E=(e—u)+cosd5° - (ch —ca) +cos45’ - (v-m). (2)

Comparing results is much easier if the range of val-
ues is +1. Therefore, the resulting coordinates can be
normalised by dividing by (4 + \/3_2)

All tested acoustic environments were described as
pleasant. The soundscape of by the Radnik turned out
to be the most calm and uneventful of all. The reason
for this could be the small number of sound sources
present. The sounds of wind and grass were predomi-
nant in the soundscape. The singing of the birds was
inaudible when listening with a VR system.

The soundscape of Skarja, which is much more
eventful and vibrant due to the presence of more var-
ied sounds, is different from the rest. In the acoustic
environment, not only sounds of natural origin, but
also those of human origin appear. The more sound
sources, the more vibrant and eventful the place is.

In Fig. 12, the comparison of National Park Sarek’s
soundscape with a sample of London’s soundscape is
presented (MITCHELL et al, 2021). The values ob-
tained in the park closely resemble those obtained
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Fig. 10. Distribution of votes regarding the perception of the surveyed place as monotonous,
vibrant, uneventful, and eventful.
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Fig. 11. Graphic classification of pleasantness and eventfulness of Sarek’s soundscapes calculated
using ISO Egs. (1) and (2). The values have been normalised (by dividing the coordinates by (4 + \/32)).



D. Mtynarczyk, J. Wiciak — Virtual Reality Technology in Analysis of the Sarek National Park Soundscape... 327

Eventful
5

Chaotic 4 Vibrant BRegents Park Fields

@ Camden Town

Annoying Pleasant O Tjasskavarvasj

@By the Radnik

Monotonous @ Skarja

Uneventful

Fig. 12. Comparison of Sarek’s soundscapes (Tjasska-
varvasj, by the Radnik, Skarja) with soundscape of London
park (Regents Park Fields) and square (Camden Town) on
a radar plot of median value of perceptual attribute ratings
on the Likert scales from 5 to 1 (MITCHELL et al., 2021).

in National Park Sarek. However, it is essential to
note that different research groups participated in
the studies, and they were not conducted simultane-
ously. The assessment of Camden Town’s soundscape
is significantly shifted towards the Eventful coordinate
axis. This location received relatively high ratings for
chaotic, eventful, and vibrant.
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Skarja’s landscape was louder than the other two
landscapes (Fig. 13), which may have made it per-
ceived as less pleasant. In Skarja’s landscape, anthro-
pogenic noises such as tourists’ footsteps and conversa-
tions disrupt the natural harmony of the environment,
leading to a more negative perception and a decreased
desire to return frequently. All studied landscapes are
generally classified as pleasant, calm and not very
eventful.

The A-weighted, equivalent continuous sound lev-
els, spectra and spectrograms — classical acoustic pa-
rameters commonly used in environmental acoustics —
were used to objectively characterise the soundscapes
studied. Figure 13 shows the average spectra (left) and
spectrograms (right) measured at the study sites.

In Fig. 13a, the bi-modal energy distribution in the
frequency domain at Tjasskdvarvasj can be observed.
The highest SPL values are found at frequencies
160 Hz and 2000 Hz. The equivalent A-weighted
sound pressure level was 32 dB. At by the Radnik
acoustic energy is accumulated in the low-frequency
range, here there is a rapid decrease in value from
42 dB to 12 dB, in the frequency band from 50 Hz
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Fig. 13. The Tjasskavarvasj’s ((a) and (b)), by the Radnik’s ((c) and (d)) and Skarja’s ((e) and (f)) sound level:
average spectrum (on the left) and spectrogram (on the right).
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Table 1. Basic eco-acoustic indices calculated for 300 s recording window.

Place
Indicator Tjasskavarvasj ‘ By the Radnik Skarja
Index value

Acoustic complexity index (ACI) 1785.92 1823.25 1794.31
Acoustic diversity index (ADI) 0.85 0.003 0.78
Acoustic evenness index (AEI) 0.81 0.90 0.82
Normalized difference soundscape index (NDSI) 0.69 0.11 0.51
Energy level of biophony (BIO) 3.39 1.53 4.76
Amplitude index (M) 0.042 0.016 0.023
Total entropy (H) 0.75 0.35 0.66

to 400 Hz (Fig. 13c). In the remaining frequency
range 500 Hz—20 000 Hz, 1/3 octave SPL values oscillate
around 7 dB—12 dB. The equivalent A-weighted sound
pressure level was 24 dB. Figure 13e shows a broad-
band distribution of acoustic energy at Skarja, with
a drop in 1/3 octave SPL values from 70 dB to approx-
imately 14 dB as the frequency increases. The equiva-
lent A-weighted sound pressure level was 50 dB.

For comparison purposes, calculations of basic eco-
acoustic indices were also carried out. The calculation
results are presented in Table 1.

The calculated values of the indicators confirm that
the acoustic activity is not high at the presented mea-
surement points. High NDSI values, around 0.8, at
Skarja and Tjasskavarvasj indicate that signals do not
contain anthrophony.

Slightly higher values of ACI and BIO factors (4.76
in Skérja and 3.39 in Tjasskavarvasj) indicate a slightly
higher activity of birds comparing to by the Rad-
nik. Slightly higher values of the ADI index (Skarja,
Tjasskavarvasj) indicate the occurrence of higher wind
comparing to by the Radnik. Also, low ADI values (by
the Radnik) show that the soundscape is not contain-
ing many vocalizing species.

Higher values of the NDSI coefficient (Tjasska-
varvésj) indicate greater biophonic activity and min-
imal anthrophonic noise in 1 kHz—2 kHz and indicate
higher levels of biophonic activity in the soundscape.
Similar values of the AVE coefficient show that all
three soundscapes are similarly saturated.

5. Summary

The conducted research allowed for the mapping of
three unique soundscapes in the VR technology. The
VR technology allows for a very realistic representa-
tion of any acoustic environment. In total, approxi-
mately 160 hours of audio recordings were gathered,
including 100 hours of ambisonic audio and 360° video
recordings in Sarek National Park. Sound level mea-
surements accompanied all the recordings. Modern VR
devices can significantly facilitate the organization of
soundscape research, or even enable it. The executed
recordings facilitate subsequent soundscape research in

inaccessible regions such as Sarek National Park. This
affords the opportunity to conduct comparative stud-
ies and investigate the influence of natural soundscapes
on humans’ wellbeing within laboratory environments,
thereby opening new avenues for research.

In the conducted study, respondents generally clas-
sified the three tested soundscapes as pleasant and
calm. This was confirmed by both the analysis of the
voice distribution and the median on the radar chart.
Graphic classification of pleasantness and eventfulness
of Sarek’s soundscapes shows that all three sound-
scapes surveyed were classified as pleasant and peace-
ful. However, the louder and more varied the sound-
scape (e.g., presence of pulse biophones) the more an-
noying and eventful the rating.
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