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ABSTRACT

Sound has been researched as either an environmental pollutant with detrimental health
effects or a restorative environmental resource with beneficial outcomes for well-being.
However, the actual benefit or threat derived from an environmental resource differs according
to socioeconomic factors. We performed a comparative analysis of 22 studies, with a focus on
the methodologies used and the demographic and economic profiles of the cities they
examined. The results suggest that lower socioeconomic position is associated with a higher
exposure to noise. This paper highlights the lack of research on the environmental equality of
restorative spaces; provides theoretical contributions to the literature, calling for consistent
and reproducible techniques to enable comparisons between results; and presents some
remaining questions that still need to be investigated.

INTRODUCTION

Environmental noise, defined as unwanted or harmful sound created by human activity [1], is
a major pollutant in urban areas [2]—[4]. It can reduce the capacity for people to meet their
basic needs (e.g. sleep, socialization), leaving them unsatisfied and with increased stress [5].
As well, environmental noise exposure often results in decreased health outcomes, in terms of
both auditory and non-auditory health [3]. Noise control as an approach seeks to mitigate
these negative health outcomes by limiting emissions from the source or sound levels at the
receiver [2]. However, urban spaces are not limited to noisy acoustic environments with
detrimental health effects. Indeed, high-quality sound environments can have positive health
effects on psychological well-being [6]. Moreover, long-term annoyance and stress-related
psychosocial symptoms are reduced for individuals who have access to quiet greenspaces
[7]-This suggests the need for a more nuanced approach to the urban sound environment,
one that goes beyond the quiet-noisy dichotomy.

The soundscape approach presents an alternative to noise control with a focus on how sound
environments are experienced. A soundscape is a construct that occurs when a person or
people perceive the sounds of a place as they interact with them [8]. This interplay between
person, place and activity affects the response the person has to the space, which in turn
affords specific outcomes. These outcomes include place making, socialisation and
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psychological restorativeness [8]. This suggests that in order to promote diverse outcomes,
we must promote diversity in our sound environments [2]. As well, soundscapes can
encourage beneficial outcomes in terms of health and environment [2]. Even just having
access to quiet greenspace can reduce long-term noise annoyance and is furthermore
associated with fewer reports of problematic noise [7]. High-quality sound environments can
also provide opportunities for restoration. In this sense, sound can be a resource for users of a
space that can provide enjoyment, respite and convey cultural values, as well as expand the
range of experiences the space can afford. In promoting a diversity of sound environments,
the soundscape approach is about more than bringing noise down below threshold levels.
Instead, the focus is on ensuring that the noise generated by urban activity (e.g. traffic) does
not dominate over dynamic and unique sound environments [2].

While these effects have been documented for broad populations, the burden on particular
socioeconomic groups has received very little attention. The existing studies on the inequality
of the exposure to noise are difficult to compare because of different methodologies (i.e.
choice of acoustic indicator, statistical technique, noise source and socioeconomic factors).
Moreover, the existing evidence is often conflicting e.g. [9], [10]. A review of studies from the
WHO European region confirmed this, finding that the results were mixed across studies for
the same socioeconomic factor and between socioeconomic factors [11]. Furthermore, the
environmental inequality of sound as a resource is severely under-researched with just one
known study to date that examines the correlation between socioeconomic status and access
to quiet spaces [12]. The present paper reviews the literature on the environmental inequality
of sound and attempts to reconcile the results of existing studies to provide an overview of the
inequalities of noise exposure according to material (e.g. income), social (e.g. race) and
demographic (e.g. age) dimensions. The discussion of these results highlights areas of future
research within the soundscape and environmental justice frameworks.

METHODS

The scope of the literature for this study includes peer-reviewed articles that examine
inequalities in the distribution of sound environments, whether framed from a noise or a
soundscape perspective. All studies had to be published since 2000 in either English or
French, and rely on commonly-accepted acoustic indicators. The literature search was
performed using two strategies. The first involved a keyword search through four curated
databases: PubMed, ProQuest Central, Scopus and Ovid. Where available, keywords were
chosen from the database thesaurus in order to improve the precision of the search. Thus, the
keywords used differed slightly between databases. Table 1 provides the keywords for each
database search, as well as the number of returns and the number of initial selections.
Citations for the selected documents were imported into Zotero, where relevant titles were
selected and redundancies were eliminated. Figure 1 shows the number of articles obtained at
each stage of the literature search process. The second strategy was to perform citation
mining to find studies that did not come up during the keyword search, including forward
citation mining using Scopus and Google Scholar.

Table 1: Queries conducted for each database and the number of results returned.

Database |Query Date Entries |Selected
Returned

(socioeconomic status/ or social status) AND (noise/ or noise

Ovid . .
abatement/ or noise pollution)

2020-06-15 |269 18
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Database

Query

Date

Entries
Returned

Selected

(socioeconomic status/ or social status) and (soundscape/ or
restorative/ or quiet/ or quiet zone/ or vibrant/ or auditory
perception/)

2020-06-19

14

Proquest
Central

(MAINSUBJECT.EXACT("Noise") OR TI("noise exposure" OR
"exposure to noise" OR "environmental noise") OR AB("noise
exposure" OR "exposure to noise" OR "environmental noise"))
AND MAINSUBJECT.EXACT("Environmental justice” OR
"socioeconomic factors" OR "income inequality" OR "educational
attainment")

2020-06-19

67

(TI("soundscape" OR "restorative" OR "positive sound" OR vibrant
OR quiet OR "quiet zone") OR AB("soundscape” OR "restorative"
OR "positive sound" OR vibrant OR quiet OR "quiet zone")) AND
MAINSUBJECT.EXACT("Environmental justice” OR
"socioeconomic factors" OR "environmental equity” OR "income
inequality" OR "educational attainment")

2020-06-19

374

PubMed

noise/adverse effects[MeSH Major Topic] AND "sociological
factors"[MeSH Major Topic]

2020-06-19

39

"sociological factors"[MeSH Major Topic] AND (soundscape)

2020-06-19

"sociological factors"[MeSH Major Topic] AND (quiet)

2020-06-19

102

Scopus

(TITLE-ABS (noise OR noise W/2 exposure OR "environmental
noise") OR INDEXTERMS ( "noise pollution")) AND TITLE-ABS
( "environmental justice” OR "environmental equity” OR
"socioeconomic status" OR "income" OR "educational
attainment" )

2020-06-19

254

23

TITLE-ABS(soundscape OR restorative OR “positive sound” OR
vibrant OR quiet OR “quiet zone”) AND TITLE-
ABS(“socioeconomic status” OR “socioeconomic factors” OR
“environmental *justice” OR “environmental *equality”)

2020-06-19

109

The literature search process yielded a total of 22 papers. Most of these (N=21) looked at the
environmental inequality of noise exposure, and because some papers reported more than
one noise source there were a total of 24 individual studies. A single paper examined the
environmental inequality of quiet zones.
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Figure 1: Number of articles retained during each step of the literature search process.

The methodology and findings of each study was recorded in an Excel spreadsheet to
facilitate analysis. Finally, the recorded information was used to build theme-specific tables to
guide the analysis. In particular, one table recorded the fifteen different socioeconomic factors
examined and the significance of each in their findings. These factors were grouped into four
larger categories: material (e.g. income), demographic (e.g. race), social (e.g. education) and
other (e.g. health). Different variables were used across the studies to operationalize
socioeconomic factors, some of which measure the specific factor in opposing ways. After
uniformization, the results of the studies are reported in this paper such that a positive result
indicates a greater exposure to noise for vulnerable populations.

RESULTS

Overview of socioeconomic factors used in the studies

Material factors were investigated in every study. In particular, income was the single most
investigated factor in the reviewed literature, with 21 out of 24 studies. In the majority of these
studies (65%), a statistically significant inequality was found (i.e. lower income is associated
with higher levels of noise exposure). Proxies for material wellbeing (i.e. housing, employment
and car ownership) were also investigated, though less frequently than income, and fewer
statistically significant inequalities were identified.

Demographic factors were investigated in 19 out of 24 studies. Race/ethnicity and age were
about equally represented here (14 and 13 studies respectively). Race/ethnicity had the
highest number of statistically significant findings (n=26), most of them (n=23) suggesting that
members of racialized communities face a greater exposure to noise than average. Age also
had a high number of significant findings, though most of these (n=12) indicated that the
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vulnerable community experienced less exposure to hoise than average. Immigration status
and sex were also investigated, though few significant findings were reported.

Social factors were investigated in just over half the studies (n=13), with few of these reporting
significant findings. Seven studies used other factors, of which 6 use indices that combine a
number of socioeconomic factors into a single variable.

Table 2: Socioeconomic factors examined in the 24 studies investigating inequality in noise exposure.
Some factors were examined within a single study using multiple variables, allowing for one study to
provide multiple significant results for a single factor. This is reflected in the final two columns where the
percentage is the proportion of operational variables, not the proportion of studies. Variables in bold will
be further investigated in this paper.

Socioeconomic |Variables Examples # of # of significant results
factor studies
Pos. Neg.
Income Median income 21 18 (65%) |3 (12%)
Material factors |Housing Overcrowding 12 8 (29%) 3 (11%)
(n=24) Employment status [Unemployment level 11 4 (25%) 0
Car ownership Number of cars owned 3 1 (25%) 0
Race/ethnicity Visible minority 14 23 (74%) |3 (10%)
Demographic  [age Age (in years) 13 4(17%) |12 (52%)
factors
(n = 19) Origin Immigration status 7 1 (9%) 1 (9%)
Sex Sex 3 0 0
Education Years of education 11 3 (19%) 1 (6%)
Family status # of children 6 2 (33%) 0
Social factors - . Proportion of non- 3 1 (33%) 0
Social isolation
(n=13) Cantonese speakers
Social class Social class 1 0 0
Relationship status |Marital status 1 0 0
Other factors Indices Carstairs deprivation index 6 4 (57%) 1 (1%)
(n=7) Health status Health status 1 1(100%) [0

The sole study to examine quiet zones considered four socioeconomic factors: income (% of
population with low income); age (% of population 65 or above); age (% of population 14 or
less); and race/ethnicity (% of population that is a visible minority) [12]. The study found that
the likelihood of access to quiet zones decreased with a higher proportion of low-income
residents. Both vulnerable age groups (children and the elderly) were associated with a higher
likelihood of access to quiet zones. The effect of race/ethnicity was not statistically significant.

Overview of sound sources and acoustical indicators

With one exception, the studies on noise exposure examined one or more specific noise
sources (industrial, road, rail or air), or referred to environmental noise more broadly. Here,
environmental noise refers to measured noise levels, where models are used to interpolate
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missing data points. Table 3 identifies the noise source used in each study. Seventeen studies
investigated transportation-related noise, of which 8 concerned noise from road traffic alone. A
further 7 studies investigated road noise in combination with other noise sources (e.g. air-
traffic noises). Five studies examined environmental noise more globally. The remaining study
that did not examine noise sources or environmental noise instead asked participants to
evaluate the perceived noise level near their homes through a large-scale questionnaire.

Table 3: List of reviewed studies with the acoustic indicators and noise sources used in each.

Long-ter.m Continuous| Statistical |None Noise source
Continent |Study energetic
Lan | Lden Ln Laeg Lso Lo Air [Road| Rail | Ind. | Env.
Asia [13] X X
Subtotal (Asia) 1 1
[14] X X
[15] X X X
[16] X X
[10] X X
[17] X X
Europe
[18] X X X X
[19] X X X
[20] X X X X
[21] X X X X
[22] X X X X
Subtotal (Europe) 7 1 2 1 3 8 4 2 2
[23] X X
[24] X X
[25] X X
[26] X X X
North [27] X X X
America [28] X X X
[9] X X
[29] X X
[30] X X
[12] X X X
Subtotal (N.A.) 2 2 1 4 1 1 5 6 2
Total 2 9 2 6 1 2 1 8 15 4 2 4
13 6 2 1
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The studies reviewed use a wide range of methods to operationalise noise exposure, both in
terms of the acoustic indicators and methods for determining region-wide noise level. The
acoustic indicators are grouped into main categories of energetic indicators (with or without
corrections for specific time periods) and statistical indicators. Long-term energetic indicators
corrected for the time period (Lan, Lden, Ln for day/night, day/evening/night and night periods
respectively) were most frequently used. Other energetic indicators include equivalent
continuous levels over a certain duration (Laeq). TWO Studies reported the statistical Lio
indicator, once in combination with Lso. Lt indicators provide the sound level that is exceeded
during T% of the measurement time, with Lip being used as an indicator of emergence.

The study on the equality of sound examined access to quiet zones, operationalized as
spaces with a maximum noise level of 55 dB(A) and a minimum lot size of 1000 m2. Models of
road and air traffic noise were used to calculate sound levels in Lqen Values, against which
land-use maps were compared to identify the quiet zones.

DISCUSSION

This paper extends the review done by Dreger et al. [11] who found that their studies
presented contradictory results, both within and between socioeconomic variables. We include
studies from North America (Canada and the United States) and Hong Kong, as well as the
European Union covered in the previous study. Moreover, this review examined 24 noise
exposure studies over 21 papers, providing an opportunity where socioeconomic variables
were repeated across studies. In doing so, we provide consolidated evidence that vulnerable
or marginalized groups are overexposed to noise.

Socioeconomic inequalities of noise exposure

Consistent with Dreger et al. [11], we found that studies investigating material factors,
especially income level, suggest an inequality wherein groups with lower material wellbeing
are exposed to higher levels of noise. From a public health perspective, this might suggest
that lower income populations have a double vulnerability problem in that they are both more
susceptible [31] and more exposed to noise.

Future research should examine how environmental inequality along the material dimension
works within different theoretical models. Some models suggest that noisy activities locate in
already poor neighbourhoods, whether because of a reduced need for compensation (Coase
theorem) or due to a perceived low propensity for collective action. Most models provide some
form of economic agency to low-income households, even if they are not all able to exercise it
adequately. The invasion-succession model and the push-pull model both suggest that the
presence of noisy activities would drive out high-income households. However, in the push-
pull model, the presence of a noisy activity is seen as a benefit for low-income households in
that it lowers housing costs. Moreover, it is unclear how noise itself is viewed by low-income
individuals. Further research is needed to position income as a factor in determining dread risk
and unknown risk, in line with psychometric risk theory. The extent to which low-income
individuals rate risk from noise on the dread and familiarity (unknown) axes can inform us
about how they view noise.

The results for demographic factors across the studies are more mixed, both across and
within individual factors. For one, racial or ethnic status was found to be a significant predictor
of increased noise exposure in 11 studies. Only three studies found that racialized groups
were underexposed to noise [28], [29], and in all three cases at least one other racialized
group in the same study experienced an overexposure to noise. For example, Collins et al [28]
found that Indigenous groups in the continental US were underexposed to road traffic noise,
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though this was likely due to Indigenous Americans living mostly in rural communities. This
suggests that environmental racism is a very real problem in the context of noise exposure.

Significant results were also found for age, though the directions of the correlations were
mixed across the studies. Most results suggest that children are generally underexposed to
noise, as in [17], [19], [22], [24], [25], [30]. This is in contrast with the situation for the elderly,
where the significant results were roughly evenly divided between underexposed (see [16],
[24], [28]) and overexposed (see [13], [17], [19], [22], [27]).

Further research is required to better understand how political and social processes influence
the situation of environmental racism described by the literature. In other words, to what extent
do the inequalities in the distribution of noise for racialized communities represent procedural
injustices? As well, it is unclear how a lack of recognition and authority in public discourse
compound problems of procedural injustice for racialized communities when it comes to noise
exposure.

Theoretical models within the environmental justice literature suggest potential frameworks for
understanding environmental racism. The pure discrimination model holds that people have
racist motives and derive some benefit from siting noisy activities in neighbourhoods that have
a higher percentage of racialized or ethnic communities. This assumes an intentional racism,
however, which is difficult to establish through research [32]. Recognition is a critical element
in enabling collective action and political parity [33], [34], suggesting that a theory of collective
action provides a possible framework for understanding how siting decisions contribute to
environmental racism. As well, it removes the need for intentionally racist motivations.

Social factors were the least investigated in the literature, even when the category includes
education (which is also connected to material well-being). Moreover, social factors were not
generally associated with an overexposure to noise.

Socioeconomic inequality of access to quiet

The study by Delaunay et al. [12] on inequality of access to quiet zones found that low income
was associated with an overexposure to noise. As well, their mixed effects model showed that
access varied greatly according to neighbourhood. Comparing with Carrier et al. [24], [25], we
note that this suggests that low-income individuals are both overburdened by noise and have
less access to quiet spaces that can be used to cope with noise problems. Despite the
importance of this study, it narrowly defines a quality soundscape as having low decibel levels
— 55dB(A) or lower — and greenspace. The soundscape literature promotes the idea of a
diversity of soundscapes, rather than eliminating noise [2], [35].

Moreover, the relationship between high-quality, health-promoting sound environments and
environmental equality is complex. While additional greenspace for socioeconomically
vulnerable populations can be beneficial for health outcomes, these same socioeconomic
factors mediate the use and acceptance of greenspace [32]. Gender, race and age all play a
role in the perception and conceptualisation of greenspace. Greenspace exists in a social
context where regulation, policing and gentrification lead to contestation and conflict between
groups over the use and appropriation of space, both public and private. Thus, gender, race
and age are all factors that should be considered when researching and promoting the health
benefits of high-quality soundscapes.

Effect of methodology choices

The reviewed studies were mostly large-scale observational studies that examined exposure
or access to quiet space from the place of residence only. In general, interaction effects
between socioeconomic factors are not explored. Moreover, potential noise exposure at work
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or during commute times was not considered in the studies. Similarly, Delaunay et al. [12] did
not examine the availability of quiet spaces for employees to escape occupational noise.
Flamme et al. [36] found gender and occupational differences in noise exposure at the
workplace, suggesting that measures of daily exposure are important. Indeed, Dreger et al.
[11] highlight that ignoring the workplace could result in an underestimation of the
socioeconomic inequalities of noise exposure.

There is no consensus in the literature around the use of acoustical indicators and statistical
methods to investigate relationships across variables. This review suggests that, to some
extent, the choice of acoustic indicators appears to be informed by established practice for the
city/region in which the study is being carried out. European studies tend to use long-term
indicators, more specifically L¢en, where the European Noise Directive has mandated the
creation of noise maps using these indicators. In contrast, North American studies were more
likely to use the Laeq, Uncorrected for time of the day, commonly used in noise by-laws on this
continent.

Reconciling the studies is made more challenging by their focus on different noise sources.
Kruize et al. [18] provide some potential evidence that noise source may inform the extent of
the existing inequalities. They found that road traffic noise is experienced more similarly
across income levels than rail and air traffic noise. Future directions include a proposed study
to directly compare the inequalities found for road traffic noise with those found for
environmental noise, when using the same reference population data.

CONCLUSION

This review of observational studies suggests that certain socioeconomic groups are
overexposed to noise. This could lead to a double burden in that these groups are either
marginalized within society, more vulnerable to the health effects of noise, or both. The
limitations of the existing research suggest some avenues for future research. One such
avenue is to examine multiple socioeconomic factors for any interaction effects. In order to
compare across studies, we need to better understand what effect choosing particular noise
sources has on the outcome of inequality studies. However, this will only improve our
understanding of noise exposure at home. Thus, future research should also investigate
possible inequalities in day-long exposure to noise, specifically exposure in the workplace and
when commuting.

More broadly though, there are important methodological limitations to observational studies
that can be mitigated using a range of research methodologies. In line with the soundscape
approach, mixed methods should be used to understand the lived experience. In this sense,
future research should complement existing observational studies by examining different
individuals’ exposure to noise and how they use their sound environments to build coping
strategies (where these exist). This also allows researchers to move beyond a quiet space
that is defined primarily by low decibel levels, to also consider dynamic and eventful sound
environments that might nonetheless support positive health outcomes.
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