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FOREWORD

The posiive and negative effects of the sound environment to which humans are exposed in daily life
have been studied in a number of research programs worldwide. It has become more and more evident
that the effects include not only disturbance of daily activigéects on learning and decreased sleep
guality but also stres®lated psych@ocial symptoms and cardi@scular disease. It has also been
demonstrated that not only the characteristics of the sound environment which can be described by
acoustic measuseare important for the effects but also the type of sound sources and other factors are
of primary importanceThe Mistra supportedesearch prograroundscape Support to Heatlias

used the perceived soundscape concept in order to take into accolarhatite of importance for the
perception and health effects of the acoustic environment

The goal of the research progras been to develop methods and models for optimsnngdscapes

in connection with traffic and city planning with respect to effemshealth and wellbeing. The
program has been concentrated to soundscapes in residential areas (indoors and outdoors) and in
recreational areas. Noise sources taken into account include ground traffic and external ventilation.
The fulfillment of the goal &s required joint efforts by scientists and researchers from several
disciplinesi acoustics, psychology and environmental medicine. The main questions dealt with have
been

o Whatcharacterisepositivesoundscapé&s
0 Acoustic measures are not sufficiéritow can we measure the gquality of soundscapes?
0 How can we create positive soundscapes in and around dwellings and in recreational areas?

The research has involved extensive field studies as well as more systematic experiments in
laboratory.

The enabsed summaries are provided by the project leaders. They include the most important results
of the research, together with a selection of publications from the program. In selection of publications
the aims have been to provide an insight into the sdiemjiforoach, the performance of the research
and the most important results.

A comprehensive communication program, involving persons engaged in the research program, has
been run in parallel with the research. The aim of the communication program hat® bessae a

bridge between the scientists on one side and the problem owners and relevant decision makers on the
other side.The latter represent all levels from international organizations to national, regional and
local authoritiesA reviewof the exgriences of implementation of soundscapes in policies is included

in the enclosed summaries

Kjell Spang

Program manager
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WELLBEING
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Box 414, SE 45 30 Gothenburg
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INTRODUCTION AND GOALS

Many citizens are exposed to high levels of road traffic noise in and around their homes. These sound
levels far exceed what characterizes a healthy and sustainable environment. Current traffic noise
abatement strategy will not even a longterm perspective be able to substantially change the
situation and will not fulfill the national guideline value for transportation noise outside dwellings

(L peq,24nfree field <55 dB and Anax <70 dB).

The vision adopted within the 8 year resbaprogramo Sounds cape Supigthatt t o
continuing abatement of emissions from the noise sources (primarily traffic) in residential areas should
be combined with optimized design of soundscapes resultingdthhsupportive sustainable sound
emironments(beyond the avoidance of unwanted noise) in which every resident can live a healthy and
rich life free from: (a) direct as well as accumulated adverse health effects from noise (annoyance,
behavioral deviations, stresslated psychghysiologica effects, interferences with communication

and learning, rest/relaxation, and sleep), (b) adverse effects on future generations (deteriorated
residential, social and learning environments, impaired human development), and (c) negative cultural,
estheticaland economic effects (social isolation, 4dmwn neighborhoods, deteriorated value of
buildings).

Studies of acoustical soundscapes and health and wellbeing

To investigate=ffects on health and wellbeingduring Phase 1 of the research program (year 2000

2003) several empirical field studies were conducted to: (i) assess the potential benefits of access to a
quiet side of the dwelling; and (ii) to study the dosgponse relationships between sound levels from

road traffic (very low to high) and annoyanas well as other adverse effects of traffic noise on health.

In addition, experimental and quasiperimental studies were performed to: (iii) elucidate effects on
sleep from road traffic noise and ventilation noise, which often pollutes an otheniéseaurtyard

in residential city areas. The results of Phase 1 show that health and wellbeing are related to the
acoustical soundscape and that positive benefits are achievable by providing access to quiet sides of
buildings.

During Phase 2 of the resehrprogram (year 2004 2007), the studies oaffects on health and
wellbeing focused on: (iv) to demonstrate the benefits of soundscaping in residential areas through
examples of practical applications; (v) to develop the scientific basis, methods/rudetsending

the application of the healthy soundscape concept to restorative environments in
residential/recreational areas as well as in situations with both road and railway traffic; and (vi) to
establish the efficiency of different mitigation methods.

METHODS AND STUDIES ON HEALTH AND WELLBEING

We have developed methods to study various effects on health and wellbeing due to road traffic noise.
Empirical field studies have been carried out in residential areas with different types of buildings (with

4



and without quiet side), before and after noise mitigations (shielding building, quiet asphalt) and in
areas exposed to single and combined noise sources (railway and road traffic). Experimental and
guasiexperimental studies have been performed in Thend&dtnvironment Laboratory at the
University of Gothenburg. Indicators for assessment of health effects of transportation noise have been
developed based on results obtained in the research program as well as in other recent studies.

MAIN RESULTS FRGMUDIES ON HEALTH AND WELLBEING
The 0Qui et -déndfitsand imiatienp t 6

The residential soundscapes include not only spaces in the dwelling but also places outside the
dwelling, such as a balcony, a place for outdoor restoration and platies mearest neighborhood

(green areas) that can be used by the residents in their everyday life. The results of our research show
that all these places are olleing mportance for peop

Table 1. Prevalence of adverse health effectsirelation to sound levels and access to a quiet side.

ADVERSE EFFECTS ORAROTRAFFIC NOISE BIFFERENT SOUND LE®ELaeq,24h)
Reference Dwellingswith quiet side Dwellingswithout quiet side
area Sound level most exposed sidg Sound level at both sides

Adverse effects due to
road traffic noise (%): 60 dB 55 dB
|2 |

General annoyance
(6at homed)
Rest/relaxation indoors
with windows closed
Rest/relaxation indoors
with windows open
Rest/relaxation on patio
or balconyoutdoors

(Quiet side had an average sound level of 48,5 dB 2 m from the dade, or laeq.24n 45,5 dB free field value.)

Our results from the crossectional studiesP(ibl. nr 1) show a strong dose relationship between sound
levels at the most traffic noise exposed side and various adverse health effects. Access to a quiet side
of the dwelling reduces annoyance and disturbance of rest and relaxation indoors (closed and open
windows) and outdoors (see table 1). As can be seen. (ir 9, figure 2 a high courtyard quality of

the quiet side reduces annoyance to road traffic oismme extent as compared with a quiet side

with low courtyard quality (17 vs. 26 % annoyed at@28dB and 28 vs. 43 % at &8 dB). Access to

a quiet side also reduces stresmted symptoms (figure 1) and improves sleep substantially (figure

2).

A healthy sound environment whexeery few residents are negatively affected by road traffic noise is
only seen in the reference area where sound levels from road traffic noise is hgjew45 dB at

both sides of the dwelling (table 1, column 1). Reskldining in apartments with access to a quiet

side (column 24) are much less affected by road traffic noise than residents without access to a quiet
side of the dwelling (column-B). In dwellings with a quiet side and an equivalent sound leveb of

dB at the most exposed side (column 2) about 10% of the respondents experience annoyance and
disturbance of rest and relaxation indoors with closed windows as well as outdoors. If windows are
kept open a higher number of residents report that they are anooydisturbed during rest and
relaxation. Thus, this might be seen asereptableébut not very good sound environment.

At 60 dB, about 20% report annoyance and other adverse effects from road traffic noise although there
is access to a quiet side (colui@n At higher sound levels outside the dwelling (column 4, 6 and 7)
extensive effects of road traffic noise are seen. These sound environments could, therefore, be



considered aanacceptabldrom a health point of view regardless if there is access toed sjde or
not.

Our studies confirm the results obtained in longitudinal studies (Ohrstrom, 2004) that road traffic
noise causes stresslated psychosocial symptoms. In areas with high sound levgls {65 dB)
without access to a quiet side theeyalence of daily or weekly symptom@sery tired, fifeeling
stressed, fiunsociablé and firritated a n gwene dignificantly more frequent than in the quiet
referencearea (laeq24n<45 dB at both sides of the dwelling), see figlirérhe relationship bateen
roadtraffic noise and stregglated symptoms found in our study is strengthened by the results from
studies, which suggest a higher prevalence of heart disease in areas exposed to road traffic noise.
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Figure 1. Prevalence on psycheocial stress related symptoms in relation of sound levels from road traffic
and access to a quiet side.

9 Conclusion:Although access to a quiet side is proved beneficial for health and wellbeing it is of
utmost importance to be aware that access to a quiet side camot compensate for very high sound
levels at the most exposed side. To protect the majority (at least 80 %) from experiencing annoyance
and other adverse health effects, the sound levels should not exceedd,2sn = 60 dB at the most
traffic noise exposeds i de even i f there imguddBdBepss to a quiet si

Sleep disturbanced a most detrimental effect of noise

Sleep quality is determined by individual factors such as age and physical and mental health as well as
situational factors suchsaemperature, light and noise. Sleep disturbance is one of the most serious
effects induced by road traffic noise. Therefore, it is very important that bedrooms are located towards
a quiet side of the dwelling to preserve good sleep quality, even wittowislightly openStudies

on sleep based on data from the cresstional studies show that low sound levels outside bedroom
windows are necessary to protect from ndimbiced sleep disturbancesupl. nr 1). The
experimentatjuastexperimental studieg’ubl. nr1 & 3) elucidate important methodological issues in
sleep and noise research.

Our cross sectional studies showed that at low sound levels from road traffic outside bedroom
windows and with windows closed (Figure 2) about 10 % report sleephdiates due to road traffic

noise and this increased to 35 % at the highest sound IBigtistbance due to not being able to keep
bedroom windows open at night increased in a desged way starting from dignt 46 dB. If
bedroom window was kept slighitopen, which most of the residents preferred if not hindered by
noise, the different types of sleep disturbances varied between 20 % at the lowest sound levels up to
45 % at sound levels betweegidnt 57 and 61 dB, i.e.10 percent points higher than Wwétiroom

window closed.
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Figure 2. Effects of road traffic noise on sleep with window closed in relation to sound levels outside
bedroom window.

Ventilation noise Is common in residential city courtyardsAlso if the bedroom is facing a
courtyardfree from exposure to road traffic noise, fans or ventilatioise from installations in the
courtyard often destroy an otherwise quiet courtyd@fte purpose of one of the experimental/quasi
experimental studies carried out in a laboratory and in theshemaironment was to gain additional
knowledge on the relation between acoustic soundseeffesentilation noiseand adverse effects on
sleep.Subjects were exposed to road traffic noise, ventilation noise and a combination of the two
sources. Our resugltshowed that road traffic noise caused more sleep disturbances than ventilation
noise and the combined exposure had somewhat larger effect than single exposure to road or
ventilation nois€Publ. nr 2).

Methodological aspects in studies on noise and sleegisturbance - Experimental studies

with well controlled conditions are considered valuable complements to field studies. However, large
body of studies on the effects of noise on sleep has shown larger effects of noise in studies performed
in the laboratoy as compared with findings in the home environment. At least to some extent, this
may be due to the methods used as well as sound exposures, the laboratory environment and the
participating subjects. Our two experimental/gt@gierimental studies on sle aimedo investigate
whether there were any differences in the effects of noise on sleep between studies performed in the
laboratory and in field settings with equal road traffic noise exposure. Effects on sleep were evaluated
by the same methods, gueshaires and wrisactigraphy, and great effort was made to create a-home

like sleep environment in the laboratory. No significant differences in sleep quality were found
between home and laboratory conditions on variables assessed either by questiannairist
actigraphy.

9 Conclusion:A large majority of the population prefer to sleep with windows slightly open. If the
sound levels from road traffic or ventilation noise outside bedroom windows do not exceedds 2206 40-
44 dB 2 m from the facade, bedoom windows can be kept slightly open without causing extensive
sleep disturbances (approximately 80 % protected). At higher sound levels outside bedroamindows
there is a steep increase in noisenduced sleep disturbances. This means that to preserveogd sleep
quality and avoid noiseinduced sleep disturbances, bedrooms must be placed where windows are
facing a quiet outdoor side of the dwelling.

None of the two experimental/quasiexperimental studies show that findings in the laboratory
environment exaggerate the effects of road traffic noise on sleep, when sleep is studied with the same
methods and a homelike environment is created in the laboratory.

Physical, visual and acoustic aspects of nearby residential environment

Research on restorative eroriments suggests that certain environments provide high quality
restorative experiences that may act as moderators of adverse conditions, e.g. high sound levels from

7



road traffic A growing body of literature indicates that contact with nature influeecep | e ds he al
and psychological welbbeing both directly and by moderating processes. Through obtaitedrdm

the crosssectional studies we examined how the physical quality of quiet courtyards arepseléd

perceived availability to nearby greaneas influenced annoyance and general-bestlg in noise

exposed urban residential areasi{. nr 4 & nr €). Through laboratory experimentsu(!. nr 5), we

furthermore elaborated on hdie acoustic soundscape and the visual appearance in courtyiagkset
interacted and affected subjectdés responses, (¢
impression, opportunities for relaxation and restoration, current mood).

The quiet side should have a high physical qualitWe documented the physiaivironmental
guality of the fAquieto courtyards (PEQGegingand ex
(Publ. nr4). Data were collected from 358 residents and four groups were formed based on sound level
categories (582 and 6368 dB) and PEQClassification (low and high). At both soutelel

categories, the results showed that residents with access to highdPEQCs si f i ed fAqui et o
reported less noise annoyance and Rdistirbed outdoor activities. However, due to high sound
levelsat the trafficked side of t he dwe I-classified , a fc
Afgui et 0 c onotrcauntertraldnceccompletely the adverse health effects of noise. Thus, 28 %

were still noise annoyed at®8 dB as compared to 38 % no@mmoyed in the total study sample (see

table 1, column 4).

Noise annoyance and restoration audio-visual interactions- Previous research on restorative
environments is mainly focused on the visual impression and the knowledge on the interaction
betweenthe acoustic/perceived soundscape and the visual appearance in residential settings intended
for restoration and recreation is sparse. We examined -aigiial interactionsHubl. nr5) in two
laboratory setting$ an attractive vs. unattractive courtygfdgure 3). At each courtyard setting, six
sound conditions were presented in a randomized order during 4 minutes each: only sounds from road
traffic at Laeq43, 50 and 55 dB, and these traffic sound levels together with birdsong. 24 subjects (12
men, 12 vemen) participated in the experiment. Perceived soundscape properties developed by
Berglund and Nilsson (2006) were used together with questions on health effects incl. annoyance were
used to evaluate the effect of different visual and acoustic propép@eameters) in courtyard
settings.

Figure 3. Laboratory settings; unattractive courtyard (left) and attractive courtyard (right).

Our results indicate that visual courtyard perception, road traffic noise annoyance, perceived
soundscape (g., soothing, stressing), emotional reactions (current mood), and possibilities to
rest/relax were affected by courtyard setting, sound levels, and birdsong. For example, noise
annoyance decreased somewhat with the attractive courtyard setting and epresdnasong.
However, about 35 to 50% and 75 to 90% were annoyed at 50 and 55 dB, respectively. At these sound
levels, few of the participants reported that they would like to visit the courtyards, even if it was the
attractive one.



Avallability to nearly green areas and contact with naturd nf l uence peopl eds
psychological wetbeing both directly and by moderating processes. Based on data obtained in the
crosssectional study we examined whether perceived availability to nearby green azets\adfious

aspects of welbeing in the two noiseondition groups with and without access to a quiet sidel.(

nr6).)For both those with and without access to a (
to nearby green areas is impottéor their weltbeing and daily behavior by reducing letegm noise
annoyances and prevalence of stmesated psychosocial symptoms, and by increasing the use of
spaces outdoors.
1 Conclusion:in the process of planning healthpromoting urban environments it is not only essential

to strive for l ow sound | evels ffrrecend rsceacd i bnaf fiind o

outdoors. It is also important to provide outdoor environments with high physical, visual, and
functional quality as well as easy access to nearby green areas that can offer relief from
environmental stress and opportunities for rest and relaxation.

How to handle sound environments with combined noise courses

In urban residential areas, exposure to several noise sources, eanagadway traffic, is a common
situation. However, current plans for new residential areas commonly handle only one noise source at
a time without considering the total sound exposure. Therefore, knowledge is needed for evaluating
effects on health andellbeing in soundscapes with more than one noise source. Our empirical studies
in the field Publ. nr 7) as well as the laboratory experimeritsi. nr € indicate that noise annoyance,

and other adverse effects of noise, significantly increases inigitsiavith combined railway/road

traffic noise exposure as compared to situations with one dominant source with the same total sound
level.

The large soci@acoustic survey involved 1953 persons in residential areas exposed to railway and
road traffic noie with sound levels ranging fromadg, 24n 45 dB - 72 dB in a municipality east of
Gothenburg, Sweden. Various adverse health effects, including annoyance, were assessed to elucidate
the impact of exposure to single and combined noise solircaseas expsed to both railway and

road traffic, the proportion annoyed by the total traffic sound environntetatl @nnoyanck was
significantly higher than in areas with one dominant noise source (rail or road traffic) with the same
total sound exposuraeq24n0r)- Thisinteraction effect was significant fro® dBand increased
gradually with higher sound levelgigure 4).

1,00
Rail and road equally noisy

0,80 -

0,60—

One dominant noise

0,40

0,204

Estimated proportion annoyed by total traffic situation

0,00

T T T T T
a0 55 60 65 70

Sound levels from railway and road traffic, Laeq,24n,tot

Figure 4. Estimated relationship between total annoyance (% annoyed) due to the total traffic sound
environment and the total traffic sound exposure level (keg24ntot) fOr persons equally exposed to railway
and road traffic noise (upper curve) and for those exposed to one dominant noise source, whether railway
or road traffic (lower curve).



The experimental study exareih responses (e.g. annoyance, listening disturbance) to road traffic and
railway noise occurring separately or in combination. We exposed 24 subjects to four different noise
situations with sound levels around guideline values for balconies/patios (rofg] Eilway 53 dB,
road+railway 53 dB, road+railway 56 dB) when listening to a pldyassk radio program during 10

min in each situation. The laboratory room was furnished as a living room and noise levels (and
frequency spectra) were chosen to simulatsitaation with windows kept entirely open/outdoor
situation. The results (Figure 5) showed that at 53 dB, road traffic noise alone caused higher
annoyance, listening disturbance, and a more negatively perceived soundscape than railway noise
alone. Annoyace due to each noise source when occurring separately increased with 38% for railway
and 13% for road traffic when combined at 56 dB.
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Figure 5. Sound | evels with time weighting 0Slowé6 for
(right) due to the different sound exposures: (RW = Railway traffic; RT = Road traffic).

1 Conclusion:Our research demonstrates the necessity to consider the total sound exposure from two
(or more) sources and not only single sourcem plans for new residental areas, in risk assessments
and in noise mitigation activities. To allow for relaxed speech communication and listening without
having to rise the voice, background sound levels from traffic and other sources should be kept well
below the present Swedif guideline values outside dwellings on balconies and patios Abg.24n = 55
dB).

Different mitigation measuresd how efficient are they?

A number ofmitigation measures to reduce traffic noiseresidential areas.g.noise barriersearth
berms,quiet asphalt windows with good sound insulatiorare availableA typical noise abatement
measure is to erect a noise barrier with an assumption of reducing sound levels from 7 up t010 dB. An
alternative technique is to apply quiet asphalt, which typicallyaesl the level slightly less than a
barrier doesAn active way to increase the access to quietness is to erect shielding buildings that fill
existing gaps through which traffic noise penetrates and spoils the shielding effeatsver,
evaluations of hovabatement measures affects sound levels and the public experiences are seldom
conducted Our research on health and wellbeing and acoustical soundscapes inwbdtigate
efficiency of shielding buildingPubl. nr9) and quiet asphalt/earth befmubl. nr10).

A fulkscale demonstration example of the benefit of the quiet sideoncept - Phase 2 of the

research program include a fglical e demonstrati on ecxoanntpel pet 0o fand
participation in planning and rebuilding of an existing resideatiea close to the highway E20 near
Gothenburg (see Figu®. The traffic flow at E20 is approximately 37 000 vehicles/24h and speed

limit is 90 km/h. A quiet sidés beingcreated through new buildings that fill in gaps between houses

facing the highwayand through a considerable rebuilding of the dwellings by moving balconies and
rooms.
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Figure 6. Residential buildings at the highway E20 in Partille before (left) and after one out of for planned
shielding buildings and a noise screen {ght).

Our findings from the prstudy of this example revealed higher prevalence of noise annoyed
respondents (84 %) among those exposed to high road traffic noise compared with results from the
study of innefcity areas (se€&igure 7 and Table 1, cahin 7). Thus, it remains to see if annoyance
after the considerable rebuilding of the dwellings will produce a similar benefit of a quiet side as
shown in the previous studies (see Table 1). This will be evaluated in astaftgin year 2009

100 -
&4

a0 = 67

G0 =

12 33

% Annoyed residents

20 =

n=43

49-54 dB 55-59 dB 61-66 dB 71dB

LAeq,24h at the most exposed side

Figure 7. Relation between annoyance (% annoyed) and sound levels from road trafficaéh.2an). The red
staple in the diagram represents percentage annoyed persons (84 %) among those living in the houses
shown in Figure 6 next to the highway E2th Partille.

Noise mitigation through quiet asphalt and earth bern® We examined noise annoyances

before (2005) and after (2007) noise abatement measures in three quarters of a residential area located

close to a highly traffiked road. Type of abatememasures were application of quiet asphait (2
Layered Porous Asphalt) (A) andL2yered Porous Asphalt combined with erection of an earth berm
(B). Sound levels year 2005 ranged between apprx..h601 71 dB, 59 69 dB, and 58 66 dB in

qguarter A, B and C, respectively. In quarter C, residential buildings were located at a right angle
towards the traffiked road and was therefore mainly affected by the quiet asphalt, but to a lesser
degree. Traffic from a local road contributed here with noise. Skewnets in quarter A, B, and C were
reduced in year 2007 by &4 5.5, 6.5, and 4 dB,

Results indicate that quiet asphalt had no or a negative (increasing) effect on annoyances in quarter A
and C, but the combination of quiet asphalt + eartmtségnificantly decreased annoyances in quarter

B (- 20 %, p<0.05, see Figure 8). High expectations about the effectiveness of abatement measures in
creating a better sound environment indoors and outdoors may have influenced the results.
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Figure 8. Annoyance (% rather, very or extremely annoyed) due to road traffic noise before and after
different noise abatement measures. (Quarter A quiet asphalt, n = 39; Quarter B quiet asphalt + earth
berm, n = 31; Quarter C no direct noise abatement mesure, n = 27), (* p<0.05, McNemarest).

1 Conclusion: Our research demonstrates that application of quiet asphalt only did not reduce

annoyance whereas a combination of quiet asphalt and earth berm resulted in a substantial
significant reduction in noiseannoyance.

MAIN CONCLUSIONS AND RECOMMENDATIONS

To fulfil the longterm goal for a healthy built environment itriscessaryo improveexisting sound
environments and to avortew residential buildings in heavily noise exposed areas.

A sound environmaent, existent as well as new settlements, that is supportive to health and well
being (at least 8090 % not annoyed or experiencing other adverse health effects due to noise)
should fulfil the following requirements:

4+ Sleep disturbancis the most deleterisueffect of noise, therefore, the total sound level from
road traffic and other noise sources outside bedroom windows should not exgeeds 44
dB 2 m from the fagadeo allow forgood sleep quality with windows slightly openln most
cases this mes that bedrooms has to be located at the most quiet side of the residency.

4+ Rest and relaxed conversatiorindoor as well as outdoor on balconies or patios requires that
sound levels (road traffic and other noise sources) should be keptlow,, O 4 5 atithiese
places.

4+ It is also essential to provide outdoor environments Wwiitn physical, visual and functional
quality.

4+ Easy access toearby green areasoffers relief from environmental stress and opportunities
for rest and relaxation. Therefore, $heareas should be protected.

+ A quiet side (acq24n O 4 5 ) ig Beneficial for health and wellbeing and redueesoyance
and stressrelated psychosocial symptoms

Sound levels not to be exceeded and specific situations to be considered:

4+ There is a limit whereby the quiet side loses its strong bealeéiffect and this is necessary to
take into account in future traffic and housing development. Sound levels stwuidceed
Laeq,24h= 60 dB at the most traffic noise exposed sideeven if there is access to a quiet side.

12



+ In situations withmore than one noise sourcg it is necessary that plans for new residential

areas, risk assessments and noise mitigation activities consider the total sound exposure and not
only single sources.

+ Noise mitigation activities such asuiet asphalt alone might not be sfifient to reduce

adverse effects sound levels from road traffare high

+ Noise mitigation througkhielding buildingsin combination with noise barrieesd improved

window insulationmight be beneficial for health and wellbeing in existing resideémtieas
close to heavily trafficked roads. It remains to see if ourdtdlle demonstration examaéer
the substantial rebuildingould be classified a@ sound environment supportive to health (i.e.
at least 8800 % of residents not annoyed @xperencingotheradverse health effects due to
noise.
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INTRODUCTION AND GOALS

Soundscape research focuses on the total sound environment, including all its positive and negative
aspets. Consequently, to improve soundscapes is not a matter of noise abatement only; it is also
important to promote positive sounds in the environment. In order to do this successfully, knowledge
is needed on how the overall soundscape is perceived andwotthts perception is related to the
combination of adverse and positive sounds in the environment. Therefore, our main research goals
were to provide knowledge and methods by which it will be possible to characterize soundscape
quality perceptually. Theohgterm goal is to introduce soundscape design in city planning.

Specifically, our research had the following goals:

1. To develop a model of soundscape perception.

2. To develop a method for measuring perceived soundscapes.

3. To characterize perceived soundscgpality in urban parks and open green.
4. To evaluate effects of noise mitigation on soundscape perception.

Studies on soundscape perception

During Phase 1 of the research program (year 20@003) several empirical field studies were
conducted in orderot (a) Develop methods for measuring the perceived soundscape in residential
areas indoors and outdoors, (b) study effects of facades (todtawor) and shielding buildings
(exposeeshielded side of buildings) on perceived soundscapes in residentis| anela(c) determine
psychophysical relationships between perceived and acoustic soundscapes, based on listening walks
and listening experiments in the laboratory.

The studies conducted during Phase 2 of the research program (yedrZID4 built on tle results
from Phase |, and focused on:

1. Perceptual dimension of perceived soundscape (listening experiments).

2. Further development of a method, AThe Soundsca
quality (listening walks).

Perceived soundscapes ifban city parks and recreational areas (questionnaire studies).

Effects of noise mitigation on perceived soundscapes (listening experiments, listening walks).

MAIN RESULTS FROM STUDIES ON SOUNDSCAPE PERCEPTION
Dimensions of Perceived Soundscapes

Soundscags typically contain several sounds which occur simultaneously or separately ifhase.
component sounds may be positive (e.g., sounds from nature) or adverse (e.qg., traffic noise). Despite
this complexity, theverall soundscape can be meaningfullgessed. For example, the soundscape in

a quiet park is more pleasant, more soothing, less annoying, and less stressful than the soundscape of a
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sidewalk close to a busy road. An important research question is if it is possible to formulate a model,
which integrates all possible attributes of soundscapes (pleasant, eventful, annoying, etc) to a small
number of fundamental dimensions of soundscape perception. Such a model would bring soundscape
research a stefprward, by guiding future research on what tcaswe (method) and what to look for
(theory).

In our main listening experiment, 100 participants assessex r@@ordings of 50 soundscapes,
carefully chosen to represent a wide range of possible outdoor soundscapes (Axelsson, Berglund &
Nilsson, 2005)The listener assessed the soundscape with the help of 116 aidblgs. A principal
components analyses (PCA) was conducted in order to represent the 116 attributes by a small number
of orthogonal dimensions of soundscape perception. The first twoorenis explained 50 % and 18

% of the total variance. The first component wa:
highest absolute loadings in this component plaasant(0.96), unpleasant(-0.96), andappealing
(0.96). The second compem t was | abeled fAEventful nesso. The

absolute loadings on this component wagentful (0.90), lively (0.86), anduneventful (-0.84).
[Remaining components explained at most 6 % of the total variance.] The obtained dimegsem

well with previous and later research on perceptual dimension of sound environments (reviewed in De
Coensel and Botteldooren, 2006).

Eventful

Chaotic Exciting

o
(o]
Unpleasant Pleasant
o

Dominating sources

O Nature

© Human

Quiet © Technological
O No source dominating

Uneventful

Figure 1. Soundscape perception model derived from principal components analyses of 116 attribute
scales of 50 soundscapes. Each circle represents one outdoor soundscape; its location in the space w
derived from its factorscores onthetwof r st pri nci pal components (¢
OEventfulnesso6); the color of the circle indic¢
legend), (from Berglund, Nilsson & Axelssson, 2007).

Figure 1 shows a factor score plot of tEahtwo
circle repree n't s one soundscapeds |l ocati on in the s
Attributes related to these two fundament al d
soundscape is pleasant and event fantl uneventfiubAr e as a
Afchaoticd soundscape is unpleasant and eventful
uneventful (cf Russel 6s circumpl exo rmtoad el of
2002).

The colors of the circles in Figeirl show which type of source was dominating in the soundscape.
The general pattern of colors in Figure 1 may be summarized as follows: Soundscapes dominated by
technological sounds were unpleasant (grey circles located to the left in the figure), wia¢tveas
sounds were pleasant (green circles located to the right in the figure). Less obvious was the finding
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that soundscapes dominated by human sounds were more eventful than soundscapes without human
sounds (orange circles located at the top in the djgdrhese results suggest the following strategies

for improving soundscapes: First, in order to achieve pleasant soundscapes, nature sounds should be
promoted and technological sounds abated. Fountains and vegetation attracting birds and generating
soundsof wind may be used for increasing nature sounds, and various noise mitigation methods may

be wused for abatement of technol ogi cal sounds.
soundscape should be fievent f uHe&ourmscapdiis peeeivedas f ul o
fexcitingo, in the |l atter case as fAquietod (see F

from humans should be promoted, for example, by cafeterias and playgrounds. Conversely, if a
Aqui et 0 s oummetyega @ eherapautic gdrden), loud sounds from humans should be
avoided.

¢ Conclusion: Soundscape perception is well described by a twdimensional model, with

Opl easantnessé and odeventfulnessé as ort hoappdsn al per
pl easant and eventful, whereas a O0quietdé soundsca
soundscape is unpleasant and eventful, whereas a 0b

Presence of nature sounds is related to pleasantness, wineas technological sounds are related to
unpleasantness of soundscapes. Presence of human sounds is related to perceived eventfulness of
soundscapes.

The Soundscape Walk

The Soundscape Walk is a method by which soundscape quality may be measuressimfgaded

to be quiet and/or restorative. The walking tour is defined by the number of places which should be
visited. At each place the soundscape quality should be assessed by the selected panel according to a
structured protocol.

Thus far, we havealeloped the Soundscape Walk for residential areas in places outdoardaord
(Berglund & Nilsson, 2006). Figure 2 gives an example of results obtained with listening walks. The
figure shows soundscafadtribute match plotted againstdB-band sound lesl category expressed as
Laeq30s The increasing curves refer to annoyance and the decreasing curves to soothing. From right to
left the diagrams show that acceptable soundscape quality (i.e., more soothing than annoying) is
reached in the 50 dB categdfyoutdoors, in the 40 dB category if indoors with open window and in
the 30 dB category in indoors with closed wind:¢
outdoor soundscapes up to approximatly 50 dB, but requires that the indoor soundsmalpesosh
surpass 40 dB and should be as low as 30 dB with windows closed. These sound levels are in
agreement with the WHO guideline values, which also refer to place and conditions with window open
or closed (WHO, 2000).

= ——— —T— T
g [ Indoors, ] [ Indoors, ] [ Outdoors ]
£ 75 closed window open window
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Sound -level category (5 -dB band, LAeq,30s)

Figure 2. Perceived attribute match for positive (soothing) and adverse (annoying) attributes as a functiol
of overall Aweighted sound pressure level (Aeg,30s), (from Berglund, Nilsson & Axelssson, 2007).
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In a further development of the thedology, soundscapes are classified in tignZensional space

showninFigure T he first di mensi on, Apl easantnesso i s n
especially in situations with both pleasant sounds and moderately loud technologpcaitis (e.g.,
city park with 5655 dB traffic noise). The second di mensi

related to average sound pressure level. In order to improve the psychophysical relationship between
soundscape perception and various abousdicators, we have developed a new dualistic
psychophysical approach, based on measures of perceptual and acoustic similarity (Berglund,
Axelssson, & Nilsson, 2006). We have also used fuzzy ant clustering for classifying soundscapes,
based on fuzzy eemblance of the shape of the SPL histogram, the audio spectrum and the spectrum
of temporal fluctuations, representing loudness, spectral and temporal content (De €onbegl,

2007). Both these approaches may be promising steps towards a green tabkliaged on acoustic
measurements. However, the informational content of soundscapes (i.e. its composition of different
types of sources), which is crucial for soundscape perception and evaluation, is not captured by these
types of models. For these seas, we believe that a valid description of the quality of the soundscape
can not be achieved with acoustic measurement only. Perceptual measurement is required, using
participants in listening walks, in which perceptual dimensions and sound sourcécaténti is
measured. An improved protocol for such walks has been developed, based on our soundscape
perception model (Figure 1) and results from our questionnaire studies in city parks and open green
areas (see below). The protocol was recently piltédes city parks in Stockholm and in a residential

area in Orebro.

¢ Conclusion: The ©oSoundscape Walké was developed for mes
structured listening walks, outdoors and indoor. The method measures basic dimension of
soundscapes perception (o0pleasantnessdéd and oeventfulnes:
(6technological soundsé, 06nature soundsé6 and O6hum
identifying and green labeling of positive soundscapes.

Soundscape Quality itJrban Outdoor Areas

Outdoor open spaces provide opportunities for relaxation and stress recovery. In urban areas, noise
pollution is a threat to these heafifomoting functions of outdoor spaces. Therefore, thaliztttive

on environmental noise pointsutothe need to preserve existing quiet urban areas (EC, 2002).
Unfortunately, guideline values for quiet urban areas are typically missing, mainly due to the lack of
knowledgeof the effect of noise on perceived soundscape quality in outdoor areas. Mhaeypyobal

of our research on soundscape perception in city parks and suburban green areas was to determine how
perceived soundscape quality is related to combination of adverse and positive sounds in the
environment. Such knowledge is needed for definimgfgline values grounded in soundscape
perception and for guiding soundscape design that promotes positive sounds.

Two questionnaire studies in city parks and suburban green areas were conducted. Detailed description
of the first study (Field Study 1) imfind in Nilsson & Berglund (2006).The second study (Field Study

II), conducted in the summer of 2006, was carried out in cooperation with the City of Stockholm. The
study was an extension of Field Study I, including a larger set of areas, a larger nuviditars, and

more detailed sound measurements (Nilsson, 2007).

In both studies, perceived soundscape quality was found to be strongly related to sound source
perception. In Field Study |, soundscape quality was found to be considerably better irutharsub

areas than in the city parks. More than 70 % of the respondents in the city parks reported that they
often had heard technological sounds, compared to 40 % in the suburban green areas. In Field Study
II, the question on source perception was replraserder to measure tteegreeof dominanceof

sound sources within the soundscape. Each of the three categories (i) nature sounds, (ii) sounds from
human activity, and (iii) technological sounds was assessed with respect to the degree to which they
weredominating the soundscape.
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Figure 3. Proportion of visitors perceivingsound our ce categories to be 0h
completelyd6. Data from Field Study I1. The 16 a
that considered the soundsape to be 60gooddé or oOvery good6, frr
Nilsson, 2007)

Figure 3 shows the proportion of respondents who reported that sounds from a given source category
was Afheard a |l otd or Adomi nated completelyo. T
proportion of visitors that considerd t he soundscape to be fAgoododo or

to Area 16 (9 %), (see also Figure 4).

As expected, nature sounds (green bars) were the most dominating sounds in areas with good
soundscape quality, whereas technological sounds (redwmnesthe most dominating sounds in areas

with low soundscape quality. Sounds from human activity (yellow bars) were not strongly related to
soundscape quality. This agrees with results from Field Study I, in which sounds from humans were
eval uat etdrad®, Anwehwer eas sounds from nature and t
Aipl easant o and Aannoyingbo, respectivel y. Correl
negatively related to dominance of technological sounds and positively relatechinance of nature

sounds. These relationships remained also after controlling for overall measured sound level. In fact,
dominance of technological sounds was found to be a better predictor of soundscape quality than
measured sound level (Nilsson, Bdtlooren & De Coensel, 2007). This agrees with previous research

which has shown that sowsdurce perceptions is the main determinant of perceived soundscape
guality (Brown & Muhar, 2004; Brambilla & Maffei, 2006).

Figure 4. Proportion of wvisitors perceiving the
measured sound level [(aeq4n). Data from Field Study Il. Numbers refer to area number (cfigz 3), (from
Nilsson, 2007).
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