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study of non-auditory health-related outcomes
associated with the impact of environmental
noise on populations. As a result, the
understanding of how, and the extent to
which, environmental noise impacts on public
health has advanced considerably over the
past number of years. In response to such
developments, the WHO has recently
published – October 2018 - new noise
guidelines for the European region which
update its recommendations regarding
environmental noise in Europe (WHO, 2018).
Such revisions were urgently required since an
estimated 65 million people in Europe are
exposed to levels of environmental noise that
exceed the WHO (1999) recommended levels
(Pershagen et al., 2017), and in the context of
a growing understanding of the health impacts
of exposure to environmental noise.

Part 1: Environmental Noise and
Health: The Evidence and Policy
Response
1.1 Introduction
Noise is ubiquitous, particularly in urban areas,
and is an important feature of daily living and
activity. However, noise can result in both
auditory and non-auditory negative health
outcomes and is a serious risk to public health
and well-being. The auditory effects of noise
on human health have been studied
extensively, and there exists widespread
awareness of the molecular functions,
systems, and structures responsible for
auditory conditions such as tinnitus, hearing
loss, and nerve damage (Basner, 2014). Such
negative auditory effects can occur at noise
levels over 75 and 85 decibels (dB, LAeq,8hr),
and can be caused by a once-off extreme
impulse noise, or a noise of prolonged duration
usually occurring in an occupational or
industrial setting (National Institute for
Occupational Safety and Health, 1998).

The European Environment agency argues
that, in terms of extent, the four main sources
of environmental noise disturbance in urban
areas in Europe are road traffic noise, railway
noise, aircraft noise, and industrial noise
(European Environment Agency, 2017). Other
sources which are not mapped under END but
are subject to complaint, such as
neighbourhood noise, may also contribute to
environmental noise, however, no agreed
method of measurement currently exists. In
terms of the severity of disturbance caused by
environmental noise, the majority of existing
research (e.g. Seidler et al., 2017; Beutel et al.,
2016; Pyko et al., 2015) indicates that aircraft
noise causes the most severe disturbance,
followed by road traffic noise, railway noise,
and industrial noise. Due to its prevalence, as
well as the relative severity of disturbance
associated with it, road traffic noise is the most
commonly researched environmental noise
source in relation to negative impacts on public
health. In this context, approximately half of
the population of the European Union is
estimated to be exposed to levels of road
traffic noise considered to incur negative
impacts on health and well-being (Weyde et
al., 2017), with road traffic noise considered

A much more common source of noise, and
one less understood is terms of its negative
impact on public health, is environmental
noise and the non-auditory affects associated
therewith. Environmental noise is defined by
the World Health Organisation (WHO, 1999; 1)
as, “noise emitted from all sources, except
noise at the industrial workplace”, and
includes, “road, rail, air traffic, industries,
construction and public work, and the
neighbourhood”. In relation to health, the
negative outcomes of environmental noise are
typically non-auditory because levels tend not
to exceed 70dB for continuous periods.
Since the publication of the World Health
Organisation
(WHO)
‘Guidelines
for
Community Noise’ in 1999, the ‘Night Noise
Guidelines for Europe’ in 2009 and the ‘Burden
of Disease from Environmental Noise’ in 2011,
there has been substantial progress in the
2
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the second most prevalent environmental risk
factor, after fine particle pollution, to human
health in Europe (Hänninen et al., 2014).

European Economic Area countries, and based
on 472 major metropolitan hubs, the Noise
Observation and Information Service for
Europe (NOISE, 2018) estimates that such
metropolitan regions produce an average of
55dB of environmental noise pollution during
day and evening intervals, and 50dB during
night intervals, with the European
Environmental Agency (EEA, 2014) estimating
that 125 million people in the EU are exposed
to environmental noise levels above 55dB(A)
Lden (day-evening-night cycle)1. See Figure 1.1.

Traditionally considered an irritant or as
merely inconvenient, a considerable amount
of research has demonstrated that noise
pollution caused by transportation is
empirically associated with high risks relating
to morbidity and mortality. The World Health
Organisation (WHO, 1999) recommends that
average noise levels within communities
should be consistently below 30 dB(A)
indoors.. The, ‘Night noise guidelines for
Europe’ (WHO, 2009) apply the observations
recorded in field studies of aircraft noise by
Passchier-Vermeer et al. (2002, 2003) and
Basner et al. (2005) as a basis for setting limits
with respect to night-time transportation
noise. That is, during sleep, motility or the
onset of motility occurs at a threshold of
32dB(A)
(LAmax,
indoors);
electroencephalographic (EEG) awakening
occurs at 35dB(A) (LAmax, indoors); waking up
during the night and/or too early in the
morning occurs at 42dB(A) (LAmax, indoors);
while
clinical
insomnia
caused
by
environmental noise can also occur at 42dB
(LAmax,
outdoors).
Furthermore,
the
guidelines find that quality of life and wellbeing can be disrupted at an estimated
threshold of 35dB(A) (Lnight, outdoors),
hypertension at 50dB(A) (Lnight, outdoors),
myocardial infarction at 50dB(A), and
psychiatric disorder at 60dB (Lnight,outside)
(WHO, 2009).

An increasing number of studies have
examined the impact of transportation noise,
largely in the context of road traffic noise, and
its association with annoyance (e.g. Kluizenaar
et al., 2011; Dratva et al, 2010; Bluhm et al.,
2004), sleep disturbance (e.g. Halonen et al.,
2012; Basner et al., 2011; Griefahn et al.,
2008), as well as cardiovascular incidence (e.g.
Ndrepepa and Twardella, 2011; Bodin et al.,
2009; Babisch, 2008).
More recent research has extended the
investigation to include associations with
respiratory conditions (e.g. Carey et al., 2016;
Recio et al., 2016; Tobías et al., 2014), diabetes
(e.g. Ashin et al., 2018; Roswall et al., 2018;
Clarke et al., 2017), obesity (e.g. Christensen et
al., 2015; Oftedal et al., 2015; Pyko et al.,
2015), immune system dysfunction (e.g. Kim et
al., 2017; Recio et al., 2016; Sørensen et al.,
2015), cognitive impairment and psychological
stress (e.g. Seidler et al., 2017; Tzivian et al.,
2017; Beutel et al., 2016) and foetal and
childhood development (e.g. Gupta et al.,
2018; Christensen et al., 2017; Skrzypek et al.,
2017), with emerging literature proposing a
potential link between environmental noise
and cancer, with particular focus on breast and
colorectal cancer at this initial stage of

Over the past 10 years, research has indicated
that environmental noise above the threshold
of 55dB (Lnight,outside) has potentially serious
health implications, which include increases in
stress levels and changes to glucose and lipid
metabolism (Fink, 2017). Using data from most

1

penalty of 5dB for evening noise (i.e. 19.00-23.00) (European
Environmental Protection Agency, 2001). A-weighting weighs
lower frequencies as less important than mid- and higherfrequencies. It is intended to approximate the frequency
response of our hearing system (WHO, 1999).

Day-evening-night indicator designed to assess annoyance
caused by noise. It is a descriptor of noise level based on energy
equivalent noise level (LAeq) over a whole day with a penalty of
10dB for night time noise (i.e. 22.00-7.00) and an additional
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Figure 1.1: Number of people exposed to noise in Europe > 55dB Lden in European Economic Area member
countries (2012). Source: Adapted from European Environmental Agency (EEA, 2014). Agglomerations included
471 urban areas. Outside Agglomerations included 181,767 Km of road, 40,066 Km of railway, and 91 airports.

research (e.g. Hansen, 2017; Hegewald et al.,
2017; Roswall et al., 2016).

establish a working evidence-base that can be
mobilised to influence action and policy and
practice through an examination of the most
recent evidence linking environmental noise
and wide-ranging health outcomes in the
urban environment. This is achieved by
addressing seven thematic areas: (1) noise
exposure, annoyance and sleep disturbance;
(2) cardiovascular incidence and high blood
pressure; (3) diabetes and obesity; (4)
psychiatric and cognitive function (5) fertility
and foetal, infant, and child development; (6)
immune system dysfunction and non-Hodgkin
lymphoma, and; (7) breast cancer and
colorectal cancer. A literature search was
undertaken using research databases including
Scopus, Web of Science and Google Scholar.
‘Environmental noise’, ‘health’ and outcome

In response to a growing body of evidence, it
has been increasingly recognised that
threshold
limits
included
in
the
aforementioned WHO documents (WHO,
1999, 2009) may underestimate the health and
well-being impacts of environmental noise on
populations. The recently published WHO
guidelines (WHO, 2018) set recommended
limits for road noise (53dB,Lden and 45dB,Lnight);
rail noise (54dB,Lden and 44dB,Lnight) and for
aircraft noise (45dB,Lden and 40dB,Lnight). For rail
and aircraft noise, recommended Lnight limits
have been reduced by 1dB and 5dB
respectively compared to the 1999 guidelines.
This change clearly demonstrates the
importance of understanding variations in the
exposure-response associations according to
source and the need to translate this evidence
into effective policy guidance.

specific search terms and their variants were
applied for the period 2014 to June 2018. This
approach identified the most recent evidence
(post-dating the literature reviews which
informed the 2018 guidance document) from
wide-ranging fields including public health and
physiology, engineering, medical studies,
psychology, urban planning and design
disciplines.

This chapter collates and reviews the most
recent evidence linking health and exposure to
transportation noise with a view to distilling it
in a manner that renders it both accessible and
useful. The core aim of the chapter is to
4
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The chapter begins by providing an overview of
the burden of disease from noise in Europe and
provides an outline of the physiological
response to environmental noise with the aid
of a visual schematic. This is the key
mechanism through which environmental
noise is understood to affect physiological
response. The evidence linking exposure to
environmental noise to various negative health
outcomes is presented according to the seven
thematic areas outlined above focusing
specifically on transportation sources
(Appendix 1 sets out a Summary Table of
Evidence for Noise-Health associations by
source). In so doing, the potential moderating,
mediating
and confounding
variables
identified within the literature are
acknowledged (See also Appendix 2). Finally,
we propose a ‘matrix of association’ which
synthesises the ‘strength of current evidence’
for associations between wide-ranging health
outcomes and exposure to road, air and rail
sources, taking potential moderating,
mediating and confounding variables into
account. It is intended that this approach will
provide some clarity regarding the most up to
date evidence for associations between
exposure to road, air and rail noise and nonauditory health outcomes in human
populations.

benzene found in a range of mass produced
commodities (e.g. adhesives, asphalts,
gasoline), are decreasing in terms of their
exposure to humans and subsequent health
effects (Juraga et al., 2015).
In contrast, exposure to environmental noise
in Europe, and across the globe, is everincreasing as more and more of the world’s
population move to metropolitan hubs. As of
2014, the United Nations (2014) estimate that
3.10 billion (54%) of the world’s population live
in urban areas. As urbanisation continues, the
United Nations (2014) estimate that 6.4 billion
(66%) of the world’s population will be
urbanised by 2050. Hence, there exists a
growing urgency to address the current lack of
knowledge regarding the impact of
environmental noise on human health and
well-being in Europe and around the world. In
a burden of disease assessment of the city of
Barcelona, Spain 2012 (Mueller et al., 2017),
using the disability adjusted life year
methodology (DALY), the highest contributing
risk factor for morbidity and mortality was
population exposure to environmental noise.
See Figure 1.2.
Similarly, in a burden of disease assessment of
Warsaw in Poland, Tainio (2015) estimated
that environmental noise (i.e. 26,498) was the
highest contributing risk factor in relation to
the measure of overall disease burden using
the DALY methodology, followed by air
pollution (i.e. 25,310), and only then natural
mortality (16,994). While in a burden of
disease assessment of Flanders in Belgium,
Stassen et al. (2008) estimated that 20,517
DALYs were associated with exposure to
environmental noise, which was 21.8% of the
total environmental burden of disease. In such
studies, limited as they are, sleep disturbance
and annoyance are reported to be the most
important morbidity and mortality factors
associated with environmental noise. Such
findings are supported by a WHO study
conducted in 2011 on the burden of disease
from environmental noise in Europe. See
Figure 1.3.

1.2 The Burden of Disease from
Environmental Noise in Europe
The burden of disease from environmental
noise in Europe is estimated to be
approximately 1.6 million morbidity-free years
lost annually in the metropolitan regions of
Western Europe (WHO, 2011). As such, it is
estimated that noise exposure is responsible
for between 30,000 and 50,000 deaths each
year (WHO, 2011). Such figures are generally
considered to be underestimates due to
incomplete measurement and data. Other
environmental stressors such as hazards
relating to second hand smoke inhalation,
dioxins, the by-product of industrial processes
involving chlorine (e.g. waste incineration,
chemical manufacturing), and the chemical
5
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1.3 The Physiological Response to
Environmental Noise

stress-related
annoyance2,
cause
a
physiological response to stress. This
physiological response to stress is generated as
an immediate stress response by the

The non-auditory effects of environmental
noise, as mediated by sleep disturbance and

2

It is also likely that perceived annoyance is primarily predicated
on sleep disturbance (Prather et al., 2012; and Klæboe, 2009),
however, perceived annoyance may also feed back into sleep
disturbance in a cyclical fashion.

Environmental noise is believed to be mediated indirectly
through sleep disturbance and annoyance, which causes a
physiological response (Riedel et al., 2015; Héritier et al., 2014).

6
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sympathetic-adrenal-medullary system (SAM).
The SAM produces catecholamines (Aich et al.,
2009) and - as a prolonged stress response the
hypothalamic-pituitary-adrenocortical
(HPA) axis produces glucocorticoids, including

cortisol (Wallas et al., 2017). In order to
visually represent causal pathways of
physiological response, a flow diagram has
been developed, informed by the most up to
date evidence. See figure 1.4.

Mediators
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Figure 1.4: Physiological Response to Environmental Noise
KEY
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Primary unidirectional effect

with
secondary feedback loop

Catecholamines
include
epinephrine
(adrenaline), norepinephrine, and dopamine.
These
chemicals
function
as
neurotransmitters, transmitting signals from
neuron to neuron, and hormones, regulating a

variety of physiological functions, such as
those relating to the cardiovascular and
respiratory systems. Catecholamines and
cortisol stimulate energy resources and
increase blood glucose, which has been
7
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primarily associated with the metabolic
dysfunction that causes and exacerbates
diabetes (Recio et al., 2016).

As previously outlined, cortisol also increases
blood glucose, but the HPA axis is also
responsible for insulin suppression (Recio et
al., 2016), which again increases the risk for
diabetes. A more detailed discussion on the
physiological response to environmental noise
will be outlined in respective sections.

The overproduction of cortisol, which takes
place as a result of long-term stress response
from prolonged exposure to environmental
noise and/or disruption in recuperative sleep,
leads to accumulated levels of cortisol. This
process is known as hypercortisolaemia
(Tobías et al., 2015), and ultimately results in
atherosclerosis (Recio et al., 2016), which is the
main pathology associated with a number of
cardiovascular complications including high
blood pressure, hypertension, ischaemic heart
disease, and stroke. Cortisol overproduction
also increases the retention of visceral fat in
adipose depots (Pyko et al., 2015) resulting in
an increased risk for obesity, which in turn,
increases the risk for diabetes.

1.4 Annoyance and Sleep Disturbance
1.4.1 Annoyance
The WHO (2001) and the European
Environment Agency (EEA) (2014) define
environmental noise annoyance using Lindvall
and Radford’s (1973) explanation of
environmental annoyance as, “a feeling of
displeasure associated with any agent or
condition known or believed by an individual
or group to adversely affect them” (Lindvall
and Radford, 1973; 1-36).
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Figure 1.5: Percentage of Population in large agglomerations (>250,000) exposed to road traffic noise and
reporting high levels of annoyance. Source: Adapted from WHO (2011).

As previously outlined, the main source of
noise disturbance in Europe is caused by road
traffic noise, due to the prevalence of motor
vehicles over other sources of noise such as
rail, aircraft, or industry. In this context, the
EEA (2014) estimates that 125 million people in
Europe (i.e. the European Economic Area) are
exposed to road traffic noise greater than 55
dB Lden. Cross-national analysis from 2011

estimates that 19.8 million adults experience
annoyance from road traffic, railway, aircraft,
and industrial noise, with approximately 90%
attributed to road traffic noise (EEA, 2014).
According to the WHO (2011), 25% of Europe’s
population living in agglomerations of over
250,000 inhabitants are highly annoyed by
road traffic noise exceeding 55dB Lden.
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In calculating the extent of annoyance caused
by environmental noise, such EU based
analysis applies an exposure-response model
developed by Miedema and Oudshoorn
(2001), the approach recommended by the
European Commission (2002). However, there
is considerable debate within in the literature
concerning the extent to which the Miedema
and Oudshoorn (2001) model can accurately
predict noise-related annoyance. On the one
hand, analysis of road traffic noise by Klæboe
et al. (2004), railway noise by Lim et al. (2006),
and aircraft noise by Lim et al. (2007,) maintain
that the Miedema and Oudshoorn (2001)
model underestimates assessments of highly
annoyed populations.

followed by road traffic noise, and finally,
railway noise. For example, in an analysis of
823 participants in 8 metropolitan regions in
France, Gille et al. (2017) found that aircraft
noise was reported to be the most annoying,
followed by road traffic noise, and finally
railway noise. This particular ranking is
somewhat well established. Indeed, the
exposure-response model developed by
Miedema and Oudshoorn (2001) recognised
this ranking.
In a study investigating the cumulative impact
of transportation noise on a population of
10,000 in the Frankfurt Rhine-Main
metropolitan district of Germany, Wothge et
al. (2017) found that aircraft noise was
reported to be significantly more annoying
than either road traffic or railway
transportation noise at a standardised sound
level in terms of loudness and frequency. As
such, the study suggests that the perception of
noise annoyance is heavily influenced by
average sound pressure. Such conclusions are
also reflected in recent research by Sung et al.
(2016), which involved an analysis of the
metropolitan regions of Seoul and Ulsan in
South Korea using a stratified random sample
of 2,000 participants. While controlling for age,
socio-demographic characteristics, length of
tenure, and noise sensitivity, Sung et al. (2016)
found that the risk for noise annoyance was
greater in areas exposed to complex noise
sources (i.e. both traffic and aircraft noise)
relative to areas exposed to single sources (i.e.
either traffic or aircraft noise). The findings are
noteworthy since both complex and single
noise sources were measured at a
standardised level. Hence, the authors
conclude that such differentials are potentially
attributable to particular attributes of sound
because even at an identical noise level, sound
frequencies differed according to source (Sung
et al., 2016).

On the other hand, more recent analysis of
road traffic noise by Birk et al. (2011) and Phan
et al. (2010) maintains that the Miedema and
Oudshoorn (2001) model overestimates the
extent of highly annoyed populations in the
EU. Hence, the Miedema and Oudshoorn
(2001) model is imprecise at best, and
furthermore, does not account for the
potential positive correlation between
duration of exposure and annoyance (i.e. the
longer a population is exposed to a noise
source, the more severe the level of associated
annoyance), noise sensitivity3, or for the effect
of combined sources of noise (Gille et al.,
2016). Therefore, there exists a requirement to
evaluate current exposure-response models
across Europe, so that a more appropriate, upto-date, and standardised model may be
implemented in the future. Such a model
would incorporate the growing amount of new
insights and new research associated with the
analysis of noise-related annoyance, which
should be facilitated by the development of
new assessment tools.
In general, studies concerning the relationship
between environmental noise and annoyance
tend to report that exposure to aircraft noise
causes the highest annoyance response,
3

conducted) of any individual which increase their degree of
reactivity to noise in general” (Job, 1999; 58).

“Noise sensitivity refers to the internal states (be they
physiological, psychological, or related to life style or activities

9
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In a study of 2,612 participants in Malmö,
Sweden, Bodin et al. (2015) found that railway
noise at levels of between 45-54dB were
reported by participants to be significantly less
annoying than traffic noise at an identical level,
but with higher levels showing no significant
difference. Therefore, such findings suggest
that future research analysing the impact of
transportation noise on health should
incorporate specific sound indicators.

road traffic noise is obviously the most
problematic source in metropolitan regions,
simply due to its pervasiveness. In a study of
environmental noise disturbance of 4,336
participants in Montreal (Ragettli et al., 2016),
road traffic noise was reported to be the main
cause of self-reported annoyance, followed by
aircraft noise, with proximity to noise source
significantly increasing the risk for annoyance,
which corresponds with previous research (e.g.
Di et al., 2012). Furthermore, it seems that the
public are increasingly aware of the risk of
noise-related annoyance on public health. In a
sample of 1,112 randomly selected
participants in Finland, Okokon et al. (2015)
found that a higher number of participants
(17%) perceived themselves to be adversely
impacted by road traffic noise, relative to
traffic exhaust pollution (13%). In fact, Okokon
et al. (2015) found that 80% of Finnish
participants reported being adversely
impacted by road traffic noise.

It may therefore be concluded that the
experience of annoyance is most severe for
aircraft noise, followed by road traffic noise,
and finally railway noise, not because of the
level of noise emitted from each source, but
due to the character of the noise and the
frequencies that characterise each noise
source. For instance, the sudden rise time and
intermittent pattern of aircraft noise can be
more annoying than the background hum of
road traffic noise. Nevertheless, exposure to
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Figure 1.6: Percentage of 25,000 Danish participants experiencing annoyance from road traffic noise. Source:
Adapted from Rasmussen and Ekholm (2015)

It has been long established, and is intuitive,
that tenure type (i.e. quality of insulation) and
the composition of rooms, particularly
bedrooms (i.e. proximity to noise) impacts on
noise-related annoyance (e.g. EEA, 2014;
Miljøstyrelsen, 2013; Defra, 2011; WHO,
2011). Rasmussen and Ekholm (2015) found

that Danish participants in multi-storey
dwellings reported higher annoyance from
traffic noise (15.6%) relative to participants
living in other dwellings (10%). See Figure 1.6.
In relation to the interior composition of
dwellings, Bodin et al. (2015) found that
participants with windows that were facing
10

Draft Literature Review & State of Knowledge Report
open spaces such as gardens reported
significantly lower self-reported annoyance
from traffic noise and issues with
concentration, relative to participants with
windows that were more exposed to the noise
source. If the dwelling contained no windows
with access to open space, the likelihood of
annoyance from traffic noise increased from
between 32% - 50% (Bodin et al., 2015).

Gille et al. (2017), noise sensitivity has a
stronger effect than noise exposure on
annoyance caused by transportation noise.
Overall, such research indicates that noise
sensitivity should be included as an
independent indicator in further studies
examining the impact of noise on health.
Using both objective and subjective
measurements, and delineating between the
impact of traffic noise on annoyance and sleep
disturbance, Frei et al. (2014) found that the
impact of traffic noise on objective
measurements of sleep were independent of
subjective measurements of noise annoyance.
In fact, the level of objective sleep disturbance
was found to be even more significant for
those who reported that they were not
annoyed by traffic noise (Frei et al., 2014). On
the other hand, subjective measurements of
sleep disturbance were found to be predicted
by annoyance. This association between selfreported sleep disturbance and noise-related
annoyance was found in previous laboratorybased research by Pirrera et al. (2010) and
Jakovljevic et al. (2009). However, the fact that
annoyance was found to be highly correlated
with subjective measurements of sleep
disturbance, but not with objective
measurements is noteworthy. One possible
explanation for this disparity may be related to
the hypothesis that perceived annoyance is
actually predicated on sleep disturbance, as
indicated in research by Fyhri and Klæboe
(2009). The disparity may also be related to the
more general correlation between long-term
habituation and annoyance rather than
difference between objective and subjective
measurements per se. This is because
objective measurements of environmental
noise and health outcomes tend to be
laboratory-based cross-sectional studies,
whereas, subjective measurements tend to
implement more longitudinal approaches
(Riedel et al., 2015).

The subjective nature of noise-related
annoyance lies at the heart of the complexity
associated with such a phenomenon. But the
subjective nature of annoyance is also its most
important aspect in respect to understanding
the dynamics involved in the noise/annoyance
relationship. The subjective experience of
annoyance, as well as physiological response,
is known to vary amongst participants exposed
to standardised levels of expose to traffic
noise, when all other potentially confounding
indicators (e.g. tenure, socio-demographics)
are accounted for (Elmenhorst et al., 2016).
This suggests that individual sensitivity to noise
plays a fundamental role in determining noiserelated annoyance. Griffiths and Langdon
(1968) define noise sensitivity as a highly
subjective individual characteristic which
predisposes one individual to experience more
annoyance from environmental noise than
another individual exposed to the same level
and frequency of sound. However, studies are
conflicted regarding the relationship between
noise sensitivity and its predisposition to
health. While Ljungberg and Neely (2007), in a
simulated study of exposure to forestry
vehicles, found no difference in cortisol levels
between
sensitive
and
non-sensitive
participants, Heinonen-Guzejev et al. (2004)
found that noise sensitive participants were
more likely to experience hypertension,
emphysema, and stress, while Stansfeld
(1992) suggests that noise sensitive individuals
are more predisposed to psychiatric disorders.
Previous research has also suggested that
noise sensitivity is closely correlated with sleep
disturbance (Marks and Griefahn, 2007;
Öhström and Björkman, 1988). According to

Such methodological differences may also
contribute to the fact that perceived
annoyance tends to be more closely related to
11
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adverse health pathologies relative to
objective measurements of transportation
noise (Dratva et al., 2010; Babisch, 2002). Such
findings are also related to the intrinsic
relationship
between
the
subjective
perception of environmental noise annoyance
and physiological response. It may also be
related to the direction of causation where
people who are already ill tend to be more
annoyed by noise. For example, Riedel et al.
(2015) conclude that the objective exposure to
road traffic noise is mediated by the subjective
response of noise-related annoyance, which
ultimately determines the degree of risk
relating to a negative health outcome. They
also found that the long-term continuity of
annoyance from road traffic noise had the
potential to exacerbate previous pathologies.
These findings are supported by previous
research by Niemann and Maschke (2004)
indicating that continual annoyance from noise
was associated with several self-rated
pathologies including cardiovascular and
respiratory conditions, as well as depression.

increases the risk for noise-related annoyance
and disrupts the performance of tasks.
According to Leventhall (2009), and Møller and
Lydolf (2003), annoyance is the primary
negative impact associated with exposure to
low frequency noise, with secondary impacts
including sleep disturbance, headaches, and
concentration
problems.
As
such,
commentators specialising in the area (e.g.
Bengtsson et al., 2000; Persson-Waye, 1995;
Benton and Leventhall, 1994) contend that low
frequency noise, as an environmental
pollutant, is a severely underestimated risk to
public health, with Pawlaczyk-Luszczynska et
al. (2010) suggesting that low frequency noise
(below 250 Hz ) may be perceived as more
annoying than high frequency noise (above
500 Hz).
Furthermore, several studies have suggested
that low frequency noise, as mediated by a
stress-related annoyance response, may
increase the risk for developing hypertension
(e.g. Ndrepepa, 2011; Leventhall, 2004;
Berglund and Hassmen, 1996). More recent
analysis by Chang et al. (2014) supports this
hypothesis, whereby it was found that road
traffic noise consistent with levels attributable
to low frequency sound (i.e. between 63 Hz
and 125 Hz) had the potential to increase the
risk for developing hypertension in a crosssectional study consisting of 820 participants in
the city of Taichung, central Taiwan. In the
context of aircraft noise, annoyance caused by
low frequency noise was found to occur at a
threshold of between 25 Hz and 80 Hz amongst
495 respondents living in the vicinity of
Minneapolis-St. Paul International Airport in
the US (Fidell et al., 2002).

1.4.2 Annoyance from Low Frequency
Noise
The WHO’s Guidelines for Community Noise
(WHO, 1999) evaluate low frequency noise as
an environmental pollutant with the potential
to impact negatively on public health. Low
frequency noise generally refers to sound
levels below 250 Hz, and includes levels of 20
Hz and below, usually referred to as infrasound
noise (Leventhall, 2007). According to the
literature, the main source of annoyance
associated with low frequency noise is
attributed to ventilation systems, followed by
road traffic noise, wind turbines, and finally
aircraft noise (Baliatsas et al., 2016). According
to Leventhall (2004), approximately 2.5% of
the population of the EU-15 nations are
negatively impacted by low frequency noise
because they are 12dB more noise sensitive
than the average population threshold.

In an analysis of noise from heavy goods
vehicles, Höstmad et al. (2016) found that low
frequency noise was found to be particularly
problematic during nocturnal hours. A
laboratory-based study by Persson-Waye et al.
(2003) found that nocturnal exposure to low
frequency noise at a level of 40dB impacted on
the normal functioning of cortisol production
as well as self-reported quality of sleep and

Research by Persson-Waye et al. (2001)
indicates that exposure to low frequency noise
12

Draft Literature Review & State of Knowledge Report
mood. They found that disturbance caused by
low frequency noise from heavy vehicle road
traffic was perceived through indoor sound, as
opposed to disturbance caused by high
frequency or A-weighted noise, which was
perceived directly through outdoor sound. This
implies that some degree of non-auditory
effect (such as vibration) is involved in how low
frequency sound influences public health.

psychological responses differed according to
the differences in sound pressure levels
associated with differences in vibratory
sensation. In terms of source, Klæboe et al.
(2003) found that annoyance from the
vibratory sensation associated with low
frequency sound did not differ in relation to
road traffic or railway noise sources.
However, it must also be highlighted that there
exists a common misconception amongst the
general public and certain commentators that
the vibratory sensation of low frequency noise
can be separated from the auditory sensation,
as in the case of infrasound (Møller and Lydolf,
2009). This misconception derives from
outdated research by von Békésy (1936),
Wever and Bray (1936), and Breacher (1934),
suggesting that infrasound (i.e. < 20 Hz) is
inaudible to humans and is only perceived
through vibratory sensation. Debunking such
analysis, Yamada et al. (1980) found that deaf
participants experienced vibratory sensation
at the same sound level as participants with
normal hearing, which discredits the
hypothesis that infrasound can only be
experienced through hearing Although
auditory sensation significantly deteriorates at
the infrasound level, there is technically no
frequency of infrasound at which it can be
definitely determined that auditory perception
ceases, and this applies to all persons with
normal hearing ability, not just those who are
highly sensitive to noise (Møller and Pederson,
2004). The misunderstanding occurs because,
at the infrasound threshold, the nature of
sound changes significantly with decreasing
frequency (Møller and Pederson, 2004). As
such, pure tonal frequencies become less
continuous until they reach below 10 Hz,
whereby they are based on tonal counts of
single cycles (Møller and Pederson, 2004).

Although Nakamura and Inukai’s (1998)
analysis of low frequency sound determined
that auditory perception was the most
sensitive perception of annoyance, other
sensations such as eardrum pressure and
vibratory sensations in the head and chest
were also reported. According to Leventhall
(2006), the impact of low frequency noise
creates a compressive response on the entire
body and Møller and Lydolf (2009) found that
many participants reported negative outcomes
that were unrelated to actual sound, such as
headaches and palpitations. Therefore, it
appears that such symptoms may be related to
vibratory sensation as well as auditory
sensation.
According to recent research by Takahashi
(2017), one of the most important attributes of
low frequency noise in the context of
annoyance, is the sensation of vibration.
Takahashi (2017) contends that the head is the
most sensitive part of the body prone to such
vibratory sensation, and, as such, in his
laboratory-controlled study, the perceived
sensation of vibration was associated with
subjective experiences of unpleasantness. In a
laboratory-controlled study of 182 college
students by Eom et al. (2014), vibratory
sensation was also found to be a key factor in
the potential for low frequency noise to result
in negative psychological response. In this
regard, a greater negative psychological
response was found at 31.5 Hz relative to 63 Hz
and 125 Hz (Eom et al., 2014). This is because
vibratory sensation is believed to be perceived
more keenly at 31.5 Hz relative to higher units
of frequency (e.g. 63 Hz) (Eom et al., 2014).
Hence, Eom et al. (2014) found that

What appears more certain in the literature is
that the stress-related annoyance associated
with low frequency noise is reported as a
humming sensation among noise sensitive
individuals (e.g. Demming, 2004). However, it
is the severity of reported discomfort and
13
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stress associated with this sensation that
warrants further investigation. In a study of
complaints regarding low frequency noise
(Møller and Lydolf, 2009), participants (N =
198) reported a deep humming or rumbling
sound akin to that emitted from a distant
heavy vehicle engine, or from distant industrial
machinery. Both auditory and vibratory
sensations were reported by participants,
which many considered to be a “torment” to
them (Møller and Lydolf, 2009; 3). This may be
due to the relentless nature of low frequency
noise associated with its consistent emission
combined with auditory and non-auditory or
vibratory sensation. However, although this
humming sensation is reported as sound, it is
currently unknown if its origin is even acoustic
(Demming, 2004; Leventhall et al., 2003).

Héritier et al. (2014) conclude that annoyance
and sleep disturbance are fundamental in the
relationship between environmental noise and
negative health outcomes since they mediate
the relationship between noise and health. The
analysis reflects previous findings associating
HRQOL with perception and coping ability,
rather than with the direct spatial exposure of
households to noise (Soames, 1999; Stallen,
1999). The relationship between sleep
disturbance and noise-related annoyance is
deeply intertwined, e.g. perceived annoyance
may be predicated on sleep disturbance and
may therefore be the fundamental indirect
pathological state.
Supporting research by Pirrera et al. (2010),
Frei et al. (2014) also found that objective
measurements of sleep disturbance and
motility were associated with noise from
fluctuating traffic flow, with disturbance
predominantly manifest in premature waking
during early morning, also corresponding with
research by Marks et al. (2008). As in the case
of annoyance, the location of bedroom
windows indicated a major causal factor in
noise induced sleep disturbance, particularly in
the case of road traffic noise. In a population of
participants from Oslo, Evandt et al. (2017)
found that exposure to traffic noise was highly
correlated with sleep disturbance and with
problems falling asleep, and that bedrooms
facing the road also experienced significantly
higher levels of sleep disturbance (Evandt et
al., 2017). As in the case with the experience of
noise-related annoyance, Bodin et al. (2015)
found that those with bedroom windows
facing open spaces (e.g. gardens) reported less
sleep disturbance relative to those bedrooms
facing facades that were more exposed to the
source of noise, in this case the road. Pirrera et
al. (2014) also found that room and window
location were crucially important in the
analysis of noise exposure and sleep
disturbance.

1.4.3 Sleep Disturbance
Independent of annoyance, the WHO (2011)
outline how sleep disturbance is the primary
negative outcome associated with populations
exposed to high levels of environmental noise
(e.g. > 55dB, Lnight,outside). In and of itself, sleep
disturbance has shown to have serious
negative impacts on public health and wellbeing. Based on data from 472 metropolitan
regions in the European Economic Area in
2011, the European Environmental Agency
(EEA, 2014) estimate that 7.9 million adults
experience sleep disturbance caused by
exposure to road traffic, railway, aircraft, and
industrial noise, with the vast majority of sleep
disturbance (approximately 90%) caused by
exposure to road traffic noise (EEA, 2014).
Objective measurements of sleep disturbance
are
generally
applied
using
electrophysiological tests commonly using a
multi-parametric test called a polysomnogram,
while subjective measurements are usually
applied using self-reported surveys (WHO,
2011).
In a structured equation modelling analysis,
Héritier et al. (2014) found that health-related
quality of life (HRQOL) was indirectly
associated with road traffic noise through
annoyance and sleep disturbance. Therefore,

Using both objective and subjective
measurements, Pirrera et al. (2014)
determined that participants living in areas
14
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exposed to road traffic noise perceived their
environment as subject to noise disturbance,
and, in general, considered road traffic noise to
negatively impact their well-being. However,
although objective measurements found no
significant association between sleep
disturbance and traffic noise, subjective
measurements indicated that traffic noise was
definitively related to both difficulty falling
asleep and quality of sleep (Pirrera et al.,
2014). It is important to note here that Pirrera
et al. (2014) contend that the analysis of the
impact of noise exposure may be inaccurate if
inside (in addition to outside) noise
assessments are not measured, as well as a
number of different noise assessment
measures that include both objective and
subjective indicators.

processed in different parts of the sleeping
brain, they both provide identical outcomes
(Smith et al., 2017).
As previously stated, many studies emphasise
the importance of sleep disturbance, as well as
perceived annoyance, as mediators for a
number of negative health outcomes. It has
been consistently demonstrated that sleep
disturbance caused by environmental noise
diminishes the body’s ability to repair, and has
the potential to increase the risk for
cardiovascular disease (Basner et al., 2014).
Thiesse et al. (2016) suggest that sleep
disturbance caused by road traffic noise is
related to an increased risk for type 2 diabetes.
According to Majde and Krueger (2005), the
necessary process of rejuvenating the immune
system is one of the main reasons why animals
require sleep. The correlation between sleep
disturbance and the increased the risk for
vulnerability to infectious disease is well
founded in medical literature, and can be
potentially explained by the negative impact of
antibody response to the antigen capsular
polysaccharide (CPS) occurring during sleep
disturbance (Prather et al., 2012). The effect of
sleep disturbance on the immune system, not
only increases the risk for infection, but also
exacerbates any pre-existing infection (Prather
et al., 2012; Toth, 1995). Hence, sleep
disturbance caused by environmental noise
has the potential to adversely affect the
immune system and, as such, is a serious
health concern. Sleep disturbance and
electroencephalography (EEG) awakening
caused by exposure to transportation noise,
disrupts SWS, essential in the body’s
recuperative process, and also disrupts REM
sleep (Belojevic et al., 1997). According to Ising
et al. (2004) and Spiegel et al. (2003), a
disruption in recuperative sleep results in
escalating cortisol levels in subsequent waking
hours. Fundamentally, noise-related sleep
disturbance is not mitigated by habituation,
but in fact is exacerbated by long-term
habituation. This is because long term
exposure to environmental noise results in

However, the subjective dimension of sleep
disturbance caused by transportation noise is
often difficult to disentangle. Elmenhorst et
al.’s (2016) analysis of sleep (measured using
polysomnography) disturbance caused by
aircraft noise found that participants with a
negative perception in relation to air traffic
found it harder to fall asleep, experienced
more sleep disturbance, and experienced less
slow-wave (SWS) or non-rapid eye movement
(NREM) sleep. This is important since it is
believed that during SWS the body repairs and
regrows tissue, builds bone and muscle, and
strengthens the immune system. The
suggestion is that sleep disturbance and
subjective dimensions related to aircraft noise
are correlated. However, it remains unknown
whether sleep disturbance influences negative
perception or prior negative perception
influences sleep disturbance (Elmenhorst et
al., 2016). In the context of railway noise, Smith
et al. (2017) examined to what extent vibration
influenced
sleep
(measured
using
polysomnography) disturbance. As such, it was
found that both vibration and noise activated
an acceleration in heart rate and was
influential in causing sleep disturbance (Smith
et al., 2017). The study is of great interest
since, although vibration and noise are
15
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accumulated levels of cortisol production
(Maschke, 2003; Ising and Ising, 2002). This is
important, because the overproduction of
cortisol production leads to accumulated levels
of cortisol, known as hypercortisolaemia
(Tobías et al., 2015), which causes
atherosclerosis (Recio et al., 2016), and
atherosclerosis is widely considered the
primary pathological state associated with
cardiovascular disease (Münzel et al., 2018).

neuroendocrine awakening (Hartman and
Frishman, 2014). Environmental noise has also
been identified as a stressor which causes a
surplus of blood lipid production, exacerbation
of endothelial dysfunction, as well as blood clot
variation and platelet accumulation, which has
the potential to cause serious cardiovascular
events (Recio et al., 2016). Related to this
physiological process is the fact that stress
response has been found to produce a
transformation in the normal production of
lipid and high-density lipoprotein (Qureshi et
al., 2009).

1.5 Cardiovascular Disease and High
Blood Pressure (Hypertension)
More than any other negative health risk,
exposure to environmental noise in
metropolitan areas has been associated with
increased risks for serious cardiovascular
incidence (Babisch, 2006), myocardial
infarction (Selander et al., 2009), and stroke
(Sørensen et al., 2011). Tobías et al. (2014)
found a significant correlation between
environmental noise and increased risk for
cardiovascular mortality, and morbidity factors
including hypertension, arteriosclerosis, and
heart-rate irregularity (TobÍas et al., 2015).
Research by Münzel et al. (2018) also found
that environmental noise was significantly
correlated with an increased risk for
hypertension, congestive heart failure,
myocardial infarction, and stroke, while
research by Cai et al. (2017) indicated that the
combined effect of road traffic noise and air
pollution significantly increased the risk for
cardio-metabolic incidence.

The relationship between environmental noise
and cardiovascular disease is usually found to
occur as a result of chronic long-term sleep
disturbance, which is also associated with
stress-related annoyance, as previously
discussed. For example, after controlling for air
pollution, Kälsch et al. (2013) found a
significant relationship between sleep
disturbance caused by road traffic noise and
atherosclerosis. Azuma and Uchiyama (2017)
found that sleep disturbance and annoyance
caused by environmental noise was
significantly associated with increased risk for
cardiovascular
disease.
Construction,
neighbourhood, and road traffic noise were
more strongly correlated with cardiovascular
disease and sleep disturbance / annoyance
than railway and aircraft noise (Azuma and
Uchiyama, 2017). Such analysis corresponds
with the understanding that sleep disturbance
and annoyance act as mediators in the
relationship between environmental noise and
an increased risk for negative health outcomes.
According to Paunovic et al. (2009), the impact
of environmental noise on the cardiovascular
system is also influenced by psychosocial and
demographic factors which include subjective
indicators such as attitude and personality
traits, idiosyncratic noise sensitivity, as well as
the length of time participants have resided at
respective
dwellings.
Such
subjective
responses to noise are mediated by the limbic
system and the hypothalamus and pituitary in

In physiological terms, environmental noise
causes stress resulting in a neuroendocrine
response which in turn results in cortisol
overproduction (Recio et al., 2016). This
overproduction of cortisol ultimately results in
atherosclerosis (Recio et al. 2016), and is
caused by the long-term accumulation of
cortisol
production,
known
as
hypercortisolaemia (TobÍas, 2015). The
process of atherosclerosis produces the
endocrine antigen capsular polysaccharide,
whose pro-coagulant process negatively
affects immune system repair and
16
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endocrine activity that develops in the adrenal
cortex with the secretion of cortisol.

increase in blood pressure, or systolic blood
pressure.

Liu et al. (2014) and Sørensen et al. (2011)
found that road traffic noise was significantly
related to an increased risk for blood pressure
amongst both adult and child populations. In
relation to metabolic complication, Liu et al.
(2014), reported a significant correlation
between children aged 10 years exposed to
road traffic noise and an increase in risk for
blood pressure, while no association between
blood pressure and air pollution was found.
Paunovic et al. (2013) found a significant
correlation between schoolchildren exposed
to road traffic noise and systolic blood
pressure, but not diastolic blood pressure.
However, Liu et al. (2014) found a significant
correlation between child exposure to road
traffic noise and diastolic blood pressure,
independent of air pollution. Belojevic et al.
(2015) found that exposure of children aged 8
to 14 years to road traffic noise represented a
significant risk for an increase in systolic and
diastolic blood pressure for every 10dB of
sound. Furthermore, even minor increases in
blood pressure amongst children is known to
increase the risk for developing hypertension
in adulthood (Bao et al., 1995). As such,
Babisch et al. (2014) maintain that
environmental noise is a definitive risk factor
for high blood pressure. Furthermore, Babisch
et al. (2014) found that long-term exposure to
traffic noise was strongly associated with an
increased risk for blood pressure escalation.
Laboratory-based research by Paunovic et al.
(2014) found that exposure to road traffic
noise was associated with increases in blood
pressure caused by vasoconstriction in
conjunction with restricted cardiac output.
While on the other hand, laboratory-based
research by Schmidt et al. (2015) found that
noise induced night-time disturbance was
significantly associated with vasodilatation. In
more recent research by Zijlema et al. (2016),
a correlation between traffic noise and an
increase in heart rate was found, but not an

Babisch et al. (2014) also found that exposure
to road traffic noise was significantly
associated with higher risk for hypertension,
with systolic hypertension generating more
significant correlations with road traffic noise
than general symptoms associated with
hypertension. However, in this case, length of
habitation was not found to be a factor
(Babisch et al., 2014). Chang et al. (2014)
analysed the impact of various frequencies of
road traffic noise on hypertension amongst
820 participants in central Taiwan. Findings
indicated that there was a correlation between
low frequency and mid frequency traffic noise
and risk for hypertension, indicating how the
impact of noise on hypertension may be
manifest in the neuroendocrine system
through the activation of annoyance and the
creation of increased cortisol even at lower
levels of noise (Chang et al., 2014). Such
findings are reflected in previous research by
Chang et al. (2012; 2011), Ising and Kruppa
(2004), and Leventhall (2004). Nevertheless,
unsurprisingly, it was also found that higher
levels of frequency increased the risk for
hypertension significantly (Chang et al., 2014).
Participants exposed to traffic noise greater
than 125 Hertz (Hz) had a significantly higher
risk for hypertension prevalence relative to
those exposed to levels below 125 Hz (Chang
et al., 2014).
More recent research by Dimakopoulou, et al.
(2017) found that exposure to aircraft noise,
particularly during the night, is associated with
incidence hypertension. While no statistically
significant association was identified between
long term exposure to aircraft noise and other
cardiovascular outcomes, an increased risk of
stroke was identified. In an analysis of all
transportation sources, Seidler et al. (2016)
found statistically significant correlations
between exposure to road traffic, aircraft, and
railway noise and increased risk for
hypertension. Interestingly, contrary to
general findings, risk was found to be most
17
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strongly correlated with railway noise, which is
very unusual, followed by traffic noise, with
the least correlated risk for hypertension
incidence associated with exposure to aircraft
noise (Seidler et al., 2016). However, aircraft
noise exposure did not exceed 62dB, while
both traffic noise and railway noise exposure
reached between 65dB and 70dB, which may
explain such contrary findings (Seidler et al.,
2016). Based on research undertaken in the
US, Swinburn et al. (2015) estimate that a
decrease in environmental noise of 5dB would
reduce
hypertension
prevalence
by
approximately 1.2 million (1.4%) and coronary
heart disease by 279,000 (1.8%).

the normal functioning of the vascular system
(Recio et al., 2016).
Furthermore, earlier research by Wang et al.
(2007) found that psychological stress was
physiologically manifest in oxidative stress in
the tissue of animals. Hence, oxidative stress
is also an important biological marker in the
relationship between environmental noise and
cardiovascular incidence. Koc et al. (2015)
report significant correlations between
environmental noise and a higher risk for
oxidative stress which is caused by the
overproduction of free radicals which inhibits
the ability to balance their damaging effects
through neutralisation by antioxidants (Recio
et al., 2016). In a systematic review pertaining
to reports regarding the impact of noise on cell
oxidation in tissue, Molina et al. (2016)
determined that exposure to environmental
noise had the potential to induce oxidative
stress in a variety of tissues, resulting in cellular
deterioration. Research considering the effect
of aircraft noise by Schmidt et al. (2013) found
that sleep disturbance caused by aircraft noise
with a maximum of 60dB was not correlated
with increases in cortisol levels, but did
negatively affect the endothelial system, which
indicates that oxidative stress is an important
factor in relation to the impact of
environmental noise on sleep disturbance.

Hypertension is a manifold phenomenon
composing a multitude of physiological
dysfunctions which variously contribute to
cardiovascular disease. Some of the most
important physiological dysfunctions involve
endothelial dysfunction (e.g. Poitras and Pyke,
2013) and oxidative stress (e.g. Koc, 2015).
Endothelial dysfunction is caused by an,
“imbalance between the production and
bioavailability of endothelium-derived relaxing
factors (EDRFs) and endothelium-derived
contractile factors (EDCFs)” (Silva et al. 2012;
1). This imbalance is associated with the
overproduction of oxygen reactive species
(ROS) and deficiency in antioxidant capacity,
commonly referred to as oxidative stress (Silva
et al., 2012). Exposure to environmental noise
as a risk factor for stress has been shown to
exacerbate endothelial dysfunction (Recio et
al., 2016). The association between stress and
endothelial
dysfunction
caused
by
neuroendocrine awakening has been studied
by Poitras and Pyke (2013). Endothelial cells
control the vascular response to stress (Recio
et al., 2016), and endothelial dysfunction is
caused by a reduction in the production of
endothelial cells, which are also responsible for
relieving the damage and abrasion caused by

According to Babisch (2008), approximately 3%
of ischaemic heart disease in metropolitan
areas is associated with exposure to road
traffic noise. Pershagen et al. (2017), in a risk
assessment meta-analysis of 61 longitudinal
studies as part of the WHO review of
guidelines, concluded that road traffic noise4
significantly increased the risk for ischemic
heart disease. Indeed Vienneau et al. (2015)
found that populations exposed to
environmental noise of between 50 and 71dB
have a greater risk for ischemic heart disease
than the WHO (2011) guidelines would suggest

4

These longitudinal studies primarily analysed road
traffic noise, and were selected based on quality, i.e.
they tended to be the most reliable and robust studies.
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and corroborate research by Babisch (2008)
which found that the risk for ischemic heart
disease may be initiated at a lower level of
environmental noise than formerly suggested.
Vienneau et al. (2015) estimate that the risk for
ischemic heart disease increases by 6% for
every 10dB in relation to the impact of
environmental noise on health, suggesting that
risk parameters should be reduced to 50dB.
They call for more research to validate their
findings, as well as more analysis in relation to
noise exposure in the context of railway and
aircraft sources.

to widespread research indicating that railway
noise is perceived to be less annoying than
traffic noise (Miedema and Oudshoorn, 2001).
According to a study of traffic noise exposure
in Belgrade (Paunovic and Belojević, 2014), the
correlation between traffic noise and ischemic
heart disease was minor relative to other
conditions including obesity, hypertension,
and physical inactivity. Indeed, a longitudinal
study of 13,512 participants in Skåne, Sweden,
Bodin et al. (2016), found no evidence for an
association between road traffic noise and risk
for myocardial infarction or ischemic heart
disease. Halonen et al. (2017) also found little
correlation between road traffic noise and
stroke, as associated with hypertension and
carotid intima-media thickness (cIMT). And
while Dzhambov and Dimitrova (2016) found
that road traffic noise did increase the risk for
stroke, statistical correlations were not found
to be significant. In this context, significant
increases were only found in respect to aircraft
noise and increased risk for stroke (Dzhambov
and Dimitrova, 2016).

According to the study by Vienneau et al.
(2015), long-term habituation potentially
increases the likelihood of ischemic heart
disease, which logically corresponds with the
physiological outcome of hypercortisolaemia
(i.e. the long-term accumulation of cortisol
production). However, long-term habituation
may also be related to socio-economic factors
such as reduced ability to purchase or rent a
higher quality, more insulatedinsulated
dwelling (Vienneau et al., 2015; Huss et al.,
2010). Sørensen et al. (2014) found that road
traffic noise was associated with an increased
risk for ischemic stroke, while air pollution was
not. On the other hand, air pollution was
associated with an increased risk of death by
stroke, while exposure to traffic noise was not
(Sørensen et al., 2014).

In relation to gender, laboratory-controlled
analysis by Croy et al. (2013) found that sleep
disturbance caused by railway noise resulted in
a higher increase in heart rate amongst males
relative to females, while Frei et al. (2014) also
found that objective measurements of sleep
disturbance caused by road traffic noise were
stronger for males than females. Likewise,
Sørensen (2017) found that long-term
exposure to air pollution and road traffic noise
was associated with an increased risk for heart
failure, particularly amongst males, with the
strongest correlation occurring when levels of
both air pollution and noise exposure were
high. Evrard et al. (2016) found that exposure
from aircraft noise was significantly correlated
with hypertension amongst males but not
females. Such gender differences may be
attributed to the fact that males are more
likely to have advanced atherosclerosis, and
points to the fact that noise increases the risk
for hypertension amongst those with preexisting conditions. A recent study by Zeeb et

Nevertheless, the combined impacts of both
traffic noise exposure and air pollution had the
strongest correlation with the increased risk
for ischemic stroke (Sørensen et al., 2014). This
corresponds with previous research by Beelen
et al. (2009), and more recent research linking
the combined effects of air and noise pollution
on cardiometabolic incidence by Cai et al.
(2017). Roswall et al. (2015) found that road
traffic noise and air pollution were
independently correlated with an increased
risk for myocardial infarction, and with the
combined effect of both pollutants correlating
with higher risk factors. However, Roswall et al.
(2015) found that railway noise was not related
to myocardial infarction, which may be related
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al. (2017), which analysed hypertension
prevalence as recorded by insurance claims,
found that transportation noise was
significantly correlated with the exacerbation
of pre-existing conditions of hypertension in
both genders, but no correlation was found in
respect of new diagnoses. Also, in line with
previous studies, Sørensen (2017) found that
those with pre-existing conditions, in this case
both hypertension and diabetes, were also at
higher risk to be negatively affected by the
exacerbating impacts related to air and
transportation noise pollution.

glucose levels (Recio et al., 2016).
Hyperosmolar syndrome, a complication of
type 2 diabetes, occurs in response to the
biological need to lower excess blood glucose
produced by the process, which is discharged
through urination (Recio et al., 2016). The
process can result in acute dehydration and
ultimately death (Kitabchi et al., 2009).
The physiological response to sleep
disturbance is considered paramount in
understanding the physiological response
potentially leading to the increased risk for
diabetes. As well as cortisol suppression and
depressed sympathetic nervous system
function, slow wave sleep (SWS) is important
for controlling glucose production (Spiegel et
al., 2009). A reduction in SWS caused by
environmental noise results in impaired
glucose tolerance and produces poor insulin
sensitivity (Buxton et al., 2010). Sleep
disturbance also lowers leptin hormone levels
and increases ghrelin hormone levels, which
increase the risk for obesity and diabetes
(Taheri et al., 2004).

1.6 Diabetes and Obesity
Incidence of diabetes mellitus, including type 2
diabetes and gestational diabetes mellitus
(GDM) are rising rapidly across the globe (van
Susan et al., 2010). Many commentators
directly link this increase with the growth in
global urbanisation and the lifestyle this
entails, including a reduction in physical
activity and an increase in calorie intake
(Pedersen et al., 2017). As part of the
understanding that urban lifestyle may be
linked to the development of diabetes, recent
studies have begun to focus on the potential
negative
impact
that
exposure
to
environmental noise has on the growth of
diabetes in metropolitan areas. Such research
is based on the hypothesis that, since
environmental noise has the potential to lead
to stress and sleep disturbance, and since the
overproduction of stress hormones and sleep
disturbance has the potential to lead to a
higher risk for diabetes, it seems logical that
exposure to environmental noise may be
associated with diabetes incidence.

Controlling for air pollution, Sørensen et al.
(2013) found that exposure to road traffic
noise was associated with type 2 diabetes, with
higher noise levels, and the longer the period
of time exposed, associated with higher risk. In
a nationwide study, Heidemann et al. (2014)
found that cohorts living in the vicinity of roads
with a very high volume of traffic, reported a
twofold increase in the risk for type 2 diabetes,
relative to cohorts living in the vicinity of low
volume traffic. More recently, Eze et al. (2017)
found that road traffic noise, as well as aircraft
noise, was associated with an increased risk for
diabetes independent of air pollution, and;
Roswall et al. (2018) found a significant
association between road traffic noise and
increased risk for diabetes, but not in relation
to rail traffic noise, which may again be related
to general findings that railway noise is less
annoying than other transportation sources
(e.g. Miedema and Vos, 1998).

In physiological terms, diabetes is first of all
caused by stimulation of the hypothalamuspituitary-adrenal axis (HPA axis) resulting in
metabolic dysfunction, including cortisol
overproduction and insulin suppression (Recio
et al., 2016). Diabetes associated metabolic
dysfunction includes hyperglycemia and
ketoacidosis, which is caused by noise induced
increases in catecholamine and cortisol which
activates energy resources and increases blood
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Research by Tobías et al. (2015) found that, for
populations over 65 years, for every 1dB
increase in night-time road traffic noise, the
risk for diabetes related mortality rose by 9.4%.
While Dzhambov and Dimitrova (2016) found
that exposure to road traffic noise was
associated with an increased risk for
gestational diabetes mellitus, and in the
context of pregnancy, Ashin et al. (2018) found
that road traffic noise was also related to an
increase risk for gestational diabetes mellitus,
defined here as a glucose intolerance occurring
during the onset of pregnancy.

visceral fat retention in adipose depots,
consisting of mesenteric, epididymal white
adipose tissue, and perirenal depots (Pyko et
al., 2015).
The recent study by Roswall et al. (2017) found
that exposure to road traffic noise was
associated with physical lethargy (Roswall et
al., 2017), which is known to increase the risk
for obesity as well as diabetes (Forouhi and
Wareham, 2010). Obesity in itself is a serious
risk factor for the development of
cardiovascular disease and diabetes (Haslam
and James, 2005). Although Oftedal et al.
(2015) found no association between road
traffic noise and obesity in a general
population from the city of Oslo, positive
associations were found in a cohort of women
who were highly sensitive to noise (Oftedal et
al., 2015). This suggests that such cohorts may
be more prone to the negative metabolic
complications caused by environmental noise
(Oftedal et al., 2015). As discussed previously,
this contrasts with the gender differentials
suggesting that males are more likely to
experience cardiovascular disease as a result of
environmental noise (e.g. Sørensen, 2017;
Evrard et al., 2016; Croy et al., 2013).

Although research is limited, present analysis
suggests that sleep disturbance is the potential
mediating cause between environmental noise
and increased risk for diabetes. As previously
discussed, sleep disturbance causes a range of
metabolic dysfunction, including glucose
metabolic
dysfunction,
and
appetite
dysregulation (McHill and Wright, 2017).
Meta-analysis by Cappuccio et al. (2010) has
previously concluded that the processes
involved in sleep disturbance significantly
contribute to the development of type 2
diabetes. Based on the hypothesis that sleep
disturbance, as the cause of biological
dysfunction in the regulation of glucose
production, appetite, and energy expenditure
(Eriksson et al., 2008; van Cauter et al., 2008).
Clark et al. (2017) recently concluded that this
physiological response may act as the
fundamental mediating link between the
exposure to road traffic noise and diabetes.
This reflects broader arguments that sleep
disturbance and annoyance act as mediators in
the relationship between environmental noise
and health (Azuma and Uchiyama, 2017; Riedel
et al., 2015; Héritier et al., 2014).

In a study of 57,053 middle-aged participants,
Christensen et al. (2015) found an association
between road traffic noise and obesity,
however, the relationship was primarily found
amongst pre-existing cases of obesity, which
corresponds with analysis of pre-existing
cardiovascular conditions (e.g. Sørensen, 2017;
Zeeb et al., 2017). In the context of railway
noise however, only sound reaching levels
greater than 60dB showed a significant
association (Christensen et al., 2015). In a
study analysing exposure to road traffic,
railway, and aircraft noise, Pyko et al. (2015)
found that transportation noise exposure was
correlated with an increased risk for obesity
from all three sources, with aircraft noise the
strongest predictor, followed by road traffic
noise, and railway noise, with correlations
independent of socio-economic factors and air
pollution. Such findings are generally

Another avenue of research developing in
relation to the association between
environmental
noise
and
metabolic
complication is that associated with an
increased risk for obesity. In physiological
terms, the risk for obesity caused by exposure
to environmental noise is associated with
cortisol overproduction resulting in increased
21

Draft Literature Review & State of Knowledge Report
consistent with previous research analysing
exposure to transportation noise with
annoyance and sleep disturbance (e.g. Muzet,
2007; Griefahn et al., 2006; Miedema, 2004).

2016). The physiological response to acute
stress is produced by S-Adenosyl Methionine,
in the excretion of catecholamines, which
include
epinephrine
(i.e.
adrenaline),
norepinephrine (i.e. noradrenaline), and
dopamine (Aich et al., 2009). Because the
hypothalamus-pituitary-adrenal axis (HPA axis)
produces glucocorticoids like cortisol, whose
production continues in waking hours, the
biological defensive response is exacerbated
and extended (Aich et al., 2009). While there is
no physiological evidence that habituation to
nocturnal environmental noise disturbance
takes place (Ising and Braun, 2000), there is
some debate regarding psychological
habituation (Lercher et al., 2011), however,
according to Rylander (2004) habituation to
environmental noise is unlikely to ever occur,
as observed in empirical analysis (e.g.
Vienneau et al., 2015; Huss et al., 2010;
Maschke, 2003).

Exposure
to
combined
sources
of
environmental noise has also been shown to
increase the risk of obesity since such
combined exposure leads to an increase in
metabolic complication (Pyko et al., 2015). In
an analysis of aircraft noise, Eriksson et al.
(2014) found a significant correlation between
long-term exposure and an increase in waist
circumference, possibly as the result of chronic
stress caused by hyperstimulation of the
hypothalamic-pituitary-adrenal
axis
and
impaired control of glucocorticoid receptors.
Finally, in another recent study which
controlled for socio-economic factors, age,
gender, and other transportation sources (i.e.
rail and aircraft), Nicole (2016) found that all
measurements of obesity were correlated with
road traffic noise. As such, every 10dB increase
in road traffic noise over a 5 year period was
correlated with an increase of .35 cm in waist
circumference and an increase of .18 in Body
Mass Index (BMI) (Nicole, 2016). This
association with obesity was increased if road
traffic noise exposure was combined with
railway noise exposure of over 60dB (Nicole,
2016).

In a longitudinal five year study of 3,300
participants between 45 and 75 years of age,
Orban et al. (2016) found that exposure to high
levels of road traffic noise significantly
increased the risk for depression. Participants
exposed to noise levels of over 55dB were
between 23% and 30% more likely to present
with depressive symptoms relative to
participants exposed to road traffic noise levels
under 55dB (Orban et al., 2016). Beutel et al.
(2016) also found that severe stress-related
annoyance from environmental noise was
correlated with a higher risk for depression and
anxiety in the general population. In this
context, environmental noise including road
traffic, rail, aircraft, industrial, and
neighbourhood interior and exterior noise,
was analysed (Beutel et al., 2016). The
research was based on a sample of 15,010
persons participating in the Gutenberg Health
Study (GHS) between 2007 and 2012 (Beutel et
al. (2016). The GHS is a prospective,
population-based cohort study initiated in
2007 at the University Medical Centre Maniz,
and focusing on health outcomes including

1.7 Psychiatric and Cognitive Function
Noise is primarily a psychological stressor
(Prasher, 2009). The physiological response to
noise as a psychological stressor is identical to
the physiological response to any nonspecific
physical stressor (Prasher, 2009). This
physiological reaction is commonly known as
the fight-or-flight response (Cannon, 1939),
and is a hyperarousal of sympathetic nervous
and endocrine systems which cause the
secretion of hormones through the
hypothalamic-pituitary-adrenal
and
sympathetic adrenal medullary (HPA/SAM)
axis (Ader, 2000). See Figure 1.4. As a
psychological stimulus, noise induces a central
nervous system response, which has the
potential to disrupt homeostasis (Recio et al.,
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cardiovascular, metabolic, immune system
dysfunction, cancer, and mental health.

that associated with sources from road traffic,
as opposed to more intermittent noise from
aircraft and railway sources (Seidler et al.,
2017). This may explain why road traffic noise
at a threshold of 70dB, and aircraft noise of
between 50dB and 55dB, were analogous to
higher risks for depressive symptoms, based
on differences between disruption levels
associated with continuous and irregular
environmental noise. As such, Seidler et al.
(2017) found that nocturnal aircraft noise
exposure consisting of continuous noise
thresholds of 40dB, but also five irregular noise
events of between 50dB and 55dB, had a
disruptive effect on participants. Furthermore,
they found that participants exposed to
combined sources of road, railway, and aircraft
noise, were likely to experience significantly
higher risk levels for depression outcomes. The
evidence is not entirely consistent however
with some studies reporting no association
between psychotropic medication use and
road traffic noise (i.e. Halonen et al., 2014).
Indeed, Roswall et al.’s (2015) study of 38,964
Danish participants found that the relationship
between road traffic noise and mental health
was inconsequential in a clinical context. In a
laboratory controlled study, Gallasch et al.
(2016) found no difference between road and
rail traffic noise at a threshold of 75dB.
However, such laboratory controlled studies
are not longitudinal, and therefore do not
account for length of habituation or exposure
to environmental noise, and may therefore
mask the fact that both annoyance and the
development of associated depression and
anxiety symptoms, are outcomes that may
only become apparent incrementally and/or in
the long-term.

Beutel et al. (2016) found that the risk for
depression and anxiety increased with the
extent of overall noise annoyance reported by
participants, with aircraft noise being the most
problematic, whereby exposure to aircraft
noise predicted the most severe cases of noise
related annoyance among participants (Beutel
et al., 2016). Hence, aircraft noise presented
the highest risk factor for depression and
anxiety. Controlling for socio-economic and
demographic variables, Beutel et al. (2016)
found that 50.8% of the sample population
experienced at least moderate levels of noiserelated annoyance, with only 20.7% reporting
no annoyance. After aircraft noise, road traffic
noise was second highest risk factor for
depression and anxiety, followed by exterior
neighbourhood noise, industrial noise, interior
neighbourhood noise, and railway noise.
In the context of aircraft noise, Beutel et al.
(2016) recently found that annoyance, and
therefore the risk for depression and anxiety,
increases in relation to the length of
habitation. Furthermore, a pan-European
study on the use of medication in relation to
transportation noise found that exposure to
aircraft noise significantly increased the risk for
use of antianxiety medication (Floud et al.,
2010). This correlation was consistent crossnationally, and was, in fact, more crossnationally consistent than the relationship
between aircraft noise and antihypertensive
medication (Floud et al., 2010), which is
interesting considering the well-established
link between environmental noise and
hypertension.

Findings from Hill et al. (2014) suggest that
participants more sensitive to road traffic noise
are more likely to experience psychological
stress as a result of exposure to nocturnal
environmental noise. Stosić et al. (2009) report
that participants with a higher sensitivity to
noise have an increased risk for experiencing

Based on a recent analysis of insurance claims
of 77,295 cases and a control group of 578,246
control subjects, Seidler et al. (2017) found
that road traffic noise of over 70dB and aircraft
noise of between 50dB and 55dB significantly
increases the risk for depression. They also
found that habituation was more likely to
occur in relation to continuous sounds, such as
23

Draft Literature Review & State of Knowledge Report
neuroendocrine arousal when exposed to road
traffic noise.

traffic noise was correlated with an increased
risk for dementia, with no risk found in the
context of Parkinson’s disease or multiple
sclerosis. Also in a recent study, Díaz et al.
(2017) found that exposure to road traffic
noise significantly increased the risk for
Parkinson’s disease, and the exacerbation of
pre-existing Parkinson’s disease.

Using an objective measure of noise utilising
the Nordic prediction method, Sygna et al.
(2014) found that an association between
exposure to road traffic noise and poor mental
health could only be detected in cases where
participants had pre-existing experiences of
poor sleep quality. Hence, explanatory factors
relating to the association between road traffic
exposure and depression outcomes are likely
to be related to the effects of sleep
disturbance, ultimately culminating in longterm sleep deprivation and the development
of insomnia (Seidler et al., 2017), accompanied
by the related, and exacerbating effects, of
cellular recuperative disruption.

1.8 Fertility and foetal, infant, and child
development
The relationship between exposure to road
traffic noise and stress, as well as sleep
disturbance, is well established at this stage.
The fact that both stress and sleep disturbance
are known to negatively impact on fertility
suggests the possibility that environmental
noise may also have a negative impact on
fertility. Schliep et al. (2015) found a
correlation between self-reported stress and
decreased levels of procreative hormones,
ovary function, and general fertility in females,
while Lynch et al. (2012) found no such
relationships. Nevertheless, Janevic et al.
(2014) found that self-reported stress amongst
males was correlated with reduced semen
quality, while research involving couples
attempting to conceive by Louise et al. (2011)
found significant correlations between stress
and time to pregnancy (TTP). Christensen et al.
(2017) found a relationship between exposure
to road traffic noise and TTP of between 6 and
12 months, but not in relation to TTP terms
greater than 12 months.

Commentators such as Baglioni et al. (2011)
have previously hypothesised that sleep
disturbance may be one causal factor
attributable to the development of depressive
symptoms. However, sleep disturbance, in the
form of insomnia, may also be a symptom of
depression, as opposed to a causal factor
(Seidler et al., 2017).
In a laboratory controlled study on prenatal
rats, Barzegar et al. (2015) found that exposure
to noise stress for 1, 2, and 4 hour(s)impacted
negatively on foetal cognition and patterns of
synaptic activity in neural networks. In a study
with human test subjects, Tzivian et al. (2016)
assessment of 4,086 participants found a
significant correlation between road traffic
noise and cognitive impairment. Tzivian et al.
(2016) also found that air pollution and
exposure to high levels of environmental noise
had a combined negative impact on cognitive
function. In a laboratory study, Cui et al. (2012)
found that noise exposure (20 sound impulses
with a peak sound pressure of 165dB and
duration of 100 ms) was correlated with
cognitive impairment in rats. In respect to the
hypothesis that transportation exposure may
be related to numerous neurodegenerative
conditions, research by Chen et al. (2017)
indicates that exposure to high levels of road

There is also an emerging literature on the
relationship between environmental noise and
low birth weight (LBW), small for gestational
age (SGA), and preterm birth (PTB), though the
extent of research is still very limited. In a
meta-analysis of 29 studies, Dzhambov et al.
(2014) found that pregnant women exposed to
occupational and residential noise levels
greater than 80dB were at significantly higher
risk for having SGA, gestational hypertension,
and babies with congenital malformations. In
an analysis of 70,000 birth records in
Vancouver, Canada, Gehring et al. (2014)
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found that exposure to road traffic noise
significantly increased the risk for LBW, after
controlling for socio-economic indicators and
air pollution. While in the context of aircraft
noise, a study of 160,460 births in Japan
(Matsui et al., 2003), found significant
correlations between aircraft noise and LBW
amongst the highest exposed cohorts in the
town of Kadena. On the other hand, in a study
of 75,166 births in Denmark, Hjorteberg et al.
(2016) found that exposure to traffic noise did
not influence a new-born baby’s size or weight,
while in a study of 6,438 births in Barcelona,
Spain, Dadvand et al. (2014) found no
significant associations.

Frankfurt airport, an increase in aircraft noise
exposure was found to be correlated with a
decrease in quality of life scores, an increase in
noise-related annoyance, and a decrease in
reading scores (Klatte et al., 2017).
Furthermore, Klatte et al. (2017) estimated
that a 10dB increase in aircraft noise correlated
with a 20% decline in reading scores,
tantamount to a two month deficiency in
reading comprehension.
Christensen et al. (2016) recently identified a
correlation between road traffic noise and
increased risk for obesity in children of 7 years.
While, a recent study on air pollution and road
traffic noise in a cohort of children from
Southern California, Franklin and Fruin (2017)
found that traffic noise functioned as a
confounding negative factor, exacerbating the
effect of air pollution on lung function. A
rationale for such exacerbating factors relating
to noise exposure when combined with air
pollution may be related to hypothalamuspituitary-adrenal axis (HPA axis) activity which
may exacerbate pre-existing respiratory
complications in children, which in turn further
intensifies lung sensitivity to air pollution
(Franklin and Fuin, 2017).

Finally, in a recent meta-analysis based on 14
studies, Nieuwenhuijsen et al. (2017)
concluded that, while evidence exists
associating road traffic and aircraft noise with
LBW, SGA, PTB, and congenital anomalies, the
quality of such research is inadequate, with the
need for more robust analysis in future.
In the context of sleep disturbance and
childhood development, it is intuitive that
environmental
noise
induced
sleep
disturbance may be particularly problematic
for children, since children require continuous
recuperative sleep cycles in order to maximise
physical growth, as well as cognitive
development (van Kamp et al., 2015). Skrzypek
et al. (2017) found that exposure to road traffic
noise was associated with an increased risk for
sleep disturbance and attention disorder
amongst children aged 7 to 14 years, and
Weyde et al. (2017) recently found that
exposure to road traffic noise was correlated
with inattention for children aged 3 to 8 years.
Hence, it seems that exposure to road traffic
noise has a negative effect on the daily
functions of the child (Weyde et al., 2017).

1.9 Immune system dysfunction and NonHodgkin Lymphoma
It has long been recognised that exposure to
chronic stress results in an increased risk for
immune system dysfunction (Segerstrom and
Miller, 2004). Exposure to road traffic noise
increases the risk for inducing a physiological
stress response (Sørensen et al., 2015). Noise
induced stress results in sympathetic nervous
system hyperactivity, hypothalamus-pituitaryadrenal axis (HPA axis) arousal, and cortisol
overproduction (Münzel et al., 2014).
According to Prasher (2009), the psychological
stress caused by noise potentially disrupts the
neuroendocrine system, which can cause a
dysfunction in the immune system. Initially,
stress causes an inducement of lymphoid cell
production, but after a number of hours the
normal functioning of the immune system can

In a cohort of children aged 7 years, Hjorteberg
et al. (2016) found that exposure to road traffic
noise was related to behavioural difficulties,
and in particular, hyperactivity and
inattention. In a study of children between 7
and 8 years in schools within the vicinity of
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become disrupted (Recio et al., 2016).
According to Flint et al. (2011), glucocorticoids
induce a reduction in lymphocyte count, while
catecholamines induce a reduction in the
ability of lymphocytes to transfer and attach to
tissue. As a cause of chronic stress, road traffic
noise brings about provisional recession of
Natural Killer (NK) cytotoxic lymphocyte
production, thereby increasing toxicity and the
susceptibility for infection (Recio et al., 2016).

of the immune system occur in functions
beyond
changes
in
cortisol
levels.
Furthermore, they found that exposure to
chronic road traffic noise is not directly related
to increases in cortisol but rather it is
sensitivity to chronic road traffic noise that
causes increased cortisol production. This is in
contrast to exposure to environmental noise >
80dB, which is directly correlated with
increased cortisol (Fouladi et al., 2012). It is
stress caused by noise that increases the risk
for a reduction in NKT cell production
activating an inflammatory biological reaction
that ultimately results in the increased risk for
a negative health outcome (LeBlanc and
Ducharme, 2007).

The overproduction of cathecholamines has
been found to disrupt the ability of
lymphocytes (i.e. white blood cells) to mobilise
and attach to tissue, which can increase the
risk of developing Non-Hodgkin Lymphoma
(NHL), which originate from malignancies in
the white blood cells (Shankland et al., 2012),
contributing to immune system dysfunction,
which disrupts the body’s ability to fight
infection, disease, and destroy damaged cells,
which may also increase the risk of breast
cancer and produce negative effects on the
respiratory system (Recio et al., 2016). Recent
research has found that the overproduction or
disruption in the normal functioning of
catecholamines, as the process relates to the
normal functioning of neurotransmitters, also
increases the risk of developing or
exacerbating psychiatric conditions such as
depression or anxiety (Di and Xu, 2017), as well
as impairing cognitive function (Tzivian, 2017).

Specifically, it is the white blood cells (i.e.
lymphocytes and leucocytes) of the immune
system which are associated with protecting
the body from infection and disease. NonHodgkin Lymphoma (NHL) - a collection of
different cancers
that
derive
from
malignancies of the white blood cells - has a
well-founded association with immune system
dysfunction (Shankland et al., 2012). The cause
of most forms of NHL remains unknown, which
means that attempting to understand how
immune system dysfunction is associated with
NHL is of critical importance. Because this
relationship is so fundamental, Sørensen et al.
(2015) suggest that even minor disruptions to
immune system function may increase the risk
for NHL. Furthermore, since sleep disturbance
and stress have been shown to impact
negatively on immune system function (Irwin
et al., 2008; Segerstrom and Miller, 2004), such
insights have led to the hypothesis that
environmental noise exposure, particularly in
the long-term, has the potential to significantly
increase the risk for NHL. Earlier research
reported a significant association between
sleep disturbance caused by nocturnal shift
work and an increased risk for NHL (Parent et
al., 2012; Lahti et al., 2008). In a study testing
noise NHL hypothesis, Sørensen et al. (2015)
found that traffic noise exposure levels above

According to Kim et al. (2017) noise sensitivity
has the potential to increase cortisol levels
producing disruptions in the normal
functioning of the immune system.
Furthermore, the risk for an increase in cortisol
levels may be more related to noise sensitivity
than to objective measurements of noise
exposure, even if such exposure is severe (Kim
et al., 2017). Recent research by Kim et al.
(2017) suggests that traffic noise has the
greatest impact on levels of interleukin-12 (IL12) and the production of NK cells. They
suggest that even low levels of traffic noise - in
combination with moderate or minor
sensitivity to noise - can impact negatively on
health, since changes in the response function
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65dB significantly increased the risk for B-cell
lymphoma and non-specific lymphoma.

disturbance before treatment (Ancoli-Israel et
al., 2006) and years after treatment has
finished (Palesh et al., 2012). This suggests that
breast cancer patients may be particularly
sensitivity to sleep disturbance caused by
transportation noise (Roswall et al., 2016).

1.10 Breast and Colorectal Cancer
Recent studies have begun to investigate the
potential link between exposure to
environmental noise and the increased risk for
breast cancer. Such research is at an early
stage and is relatively limited. Interest in
developing this hypothesis has been prompted
by the fact that increased rates of breast
cancer are observed in highly industrialised
regions (Bray et al., 2004). This suggests that
characteristics peculiar to urban living, and
certain environmental exposures, including
noise exposure, may account for this increased
risk.

Stress is another pathway in which
environmental noise has potential to increase
the risk for breast cancer. According to
Antonova et al. (2011) the overproduction of
cortisol may increase the risk for breast cancer
development and/or exacerbate previous
conditions due to immune system dysfunction
which incorporates a reduction in the ability to
locate and repair cancer cells, disruption in
DNA repair, and a disruption of BRCA1, a
tumour suppressor gene responsible for
repairing DNA. In a study by Pan et al. (2011),
it was found that in a cohort of 1,378 early
stage breast cancer patients, glucocorticoid
production was associated with an increased
risk for mortality amongst cancer patients.

Sleep disturbance is one pathway in which
environmental noise from transportation in
metropolitan areas has potential to increase
the risk for breast cancer. This is because sleep
disturbance inhibits the production of
melatonin (Viswanathan and Schernhammer,
2009), and melatonin is believed to potentially
reduce breast carcinogenesis in a number of
ways, which includes the suppression of
antioxidant processes and angiogenesis (Kim
et al., 2013; Liu et al., 2013). A disruption in
recuperative sleep also impacts negatively on
immune system repair processes, inhibiting
the generation of endocrine cytokine white
blood cell production, whereby the immune
system’s ability to destroy damaged cells is
compromised (Besedovsky et al., 2012).

In the analysis of breast cancer risk, it is
appropriate to separate the disease into
estrogen receptor positive (ER+) or estrogen
receptor negative (ER-) tumour types. This is
because the aetiology associated with each
tumour type is very different (Chen and
Colditz, 2007). In a study examining the
potential risk for exposure to road traffic and
railway noise with postmenopausal breast
cancer, Sørensen et al. (2014) found that both
sources of environmental noise had the
potential to increase the risk for ER- tumour
types. While, in a recent study on a cohort of
57,053 Danish participants, which included
1,759 breast cancer patients, Roswall et al.
(2016) found no association between road
traffic noise and mortality, either overall, or in
relation to ER+ or ER- tumour types. However,
Hegewald et al. (2017) found that exposure to
aircraft noise was associated with an increased
risk for ER negative breast cancer, with
environmental noise from road and rail
sources less evident.

Existing studies identifying associations
between sleep disturbance and breast cancer
have led to the advancement of the hypothesis
that environmental noise may increase the risk
for breast cancer. Jia et al. (2013) found that
night-shift employment significantly increased
the risk for breast cancer, while Phipps et al.
(2015) and Palesh et al. (2014) found that sleep
disturbance was associated with increased
mortality rates amongst breast cancer
patients. Although sleep disturbance is a sideeffect of chemotherapy (Palesh et al., 2012),
breast cancer patients also report sleep
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In relation to other cancer types, Roswall et al.
(2017b) suggests that chronic long-term
exposure to road traffic noise may increase the
risk for developing distal colon cancer, with
railway noise showing no correlation. The
association between road traffic noise and
obesity (Christensen et al., 2016; Pyko et al.,
2015) has been previously discussed, however,
in this context, obesity is relevant since obesity
is also a risk factor for developing colorectal
cancer (World Cancer Research Fund, 2011).
Such studies are limited by relatively small
sample sizes, and there exists an obvious
requirement for much further analysis before
any definitive conclusions can be made
regarding
the
relationship
between
environmental noise and breast, as well as
other, cancers.

of sources, fluctuating traffic flow, or the noise
level from a given source at the point of
measurement compared to other sources at
the same noise level.
Mediators lie on the causal pathway between
exposure and outcome. In order to account for
the potential mediating effects of intervening
variables, studies have variously explored the
mediating effects of length of /tenure
habitation, night work, and air pollution in
exploring the association between wideranging health and well-being outcomes and
exposure to environmental noise. While
potentially on the causal pathway, these
mediators may well themselves be related to
other factors. For example, long-term
habitation may itself related to an inability to
purchase or rent a higher quality, more
insulated dwelling (Vienneau et al., 2015; Huss
et al., 2010). In turn, it may well be the effect
of confounding socio-economic variables
which better explain the relationship.

1.11 Moderating, Mediating and
Confounding Factors
In analysing the relationship between
environmental noise exposure and wideranging health outcomes, studies have
variously attempted to control and account for
the influence or potential influence of wide
ranging variables. Such variables may, either
independently or in combination, explain or
partly explain a given association or nonassociation (e.g. gender, duration of exposure,
sensitivity etc.). The consideration of the
influence of such variables is vital in assessing
the validity of an identified association or nonassociation. Such influencing variables are
generally
categorised
as moderating,
mediating or confounding variables – or
moderators, mediators and confounders –
which need not be mutually exclusive.

Confounding variables are heterogeneous
characteristics which could jointly determine
particular health outcomes and the level of
exposure to environmental noise in the local
area. These include socio-demographic and
economic characteristics of the receiver such
as age, neighbourhood classification, gender,
income category, marital status, employment
status, education level. They also include
psychosocial factors such as respondent
perceptions. The status of exposed
populations and individuals in terms of such
characteristics has the potential to influence
both their propensity to have a particular
medical condition and their exposure to
environmental noise.

Moderators are interactions that change the
size and direction (or both) of the effect of the
exposure on an outcome. For environmental
noise, such interactions might include building
type (e.g. apartment, house etc.), composition
of rooms, quantum of open space, noise
sensitivity of individual respondents, preexisting medical conditions, proximity to a
given noise source or complex/a combination

In addition to consideration of (potential)
moderating, mediating and confounding
factors in the preceding discussion, we include
tables in Appendix 2 which summarise the key
mediators, moderators and confounders
identified in existing studies. The extent of
such interactions (or non-interactions) strongly
influenced the development of the ‘Strength of
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Evidence Matrix’ which is set out in the
following section.

indicates that current evidence for a given
association by source is, as of yet, ‘insufficient’.

1.12 Sufficiency of Current Evidence by
Source and by Outcome

Thus, employing this table enables those
engaged in urban planning and the provision
and
management
of
transportation
infrastructures, and indeed buildings and
neighbourhoods, to be cognisant of the health
and well-being impacts of environmental noise
and to take such evidence seriously in the
discharge of their duties.

The preceding sections have, in substantial
detail, provided a review of the current state of
knowledge as regards the association between
exposure to environmental noise from
transportation sources and particular health
outcomes. With a view to rendering this review
accessible and usable by policy makers and
practitioners, the remaining challenge is to
synthesise this evidence into a matrix which
determines the sufficiency of current evidence
of associations between exposure to
transportation
noise
and
particular
physiological and psychological outcomes by
source. It is in this context that Table 1.1 draws
together the key findings from the preceding
review to summarise the sufficiency of the
evidence which currently exists.

Table 1.1.indicates that the sufficiency of
evidence is weighted towards road traffic
noise, since road traffic noise is the most
commonly researched environmental noise
source as regards (potential) impacts on public
health and well-being. However, research is
increasingly considering the influence of
aircraft noise and rail noise.
For road noise, the most ‘sufficient’ evidence
exists for health impacts including elevated
blood pressure and hypertension, obesity,
diabetes, respiratory conditions (particularly in
combination with air pollution) and immune
system dysfunction in children, all mediated by
annoyance and sleep disturbance. For aircraft
noise, the most sufficient evidence exists for
cognitive impairment and psychological stress
including depression and anxiety annoyance
and obesity. While rail noise is often
considered the least impactful source of
transportation noise, rapid urbanisation and
more people living proximate to busier rail
lines, evidence is increasingly sufficient for
elevated blood pressure and hypertension
mediated by annoyance and is improving for
other cardiovascular impacts.

Current evidence is considered ‘sufficient’
where more than one high-quality studies with
consistent results have been undertaken and
there is general consensus within the literature
that further research is unlikely to substantially
change our understanding of the exposureresponse relationship. The evidence is
considered to be ‘moderately sufficient’ where
one high-quality study or several studies with
some limitations have been undertaken. In this
case, there is consensus that further research
may change our understanding of the
exposure-response relationship. The evidence
is considered ‘insufficient’ where there is no
direct research evidence or there is/are one or
more studies with severe limitations. In this
case, our understanding of the exposureresponse relationship is very limited. Within
Table 1.1, a traffic light system is employed to
categorise the ‘sufficiency of current evidence’
by outcome and by source. Green shading
indicates that current evidence is ‘sufficient’
for a given association, amber shading
indicates that the existing body of evidence is
‘moderately sufficient’ and red shading

It is important to emphasise here that the
‘sufficiency of evidence’ is not related to the
potential ‘strength of effect’ for any outcome.
Indeed the quantum of ‘moderately sufficient’
and ‘insufficient’ findings, and indeed the wide
variation in findings for certain outcomes,
illustrates the level of uncertainty that still
exists
regarding
exposure-response
relationships for environmental noise by
source.
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Table 1.1: Sufficiency of Current Evidence Matrix
Outcome
Annoyance

Annoyance from low frequency noise

Sleep Disturbance

Sleep Disturbance in Children

Cardiovascular incidence including
Ischaemic heart disease, Heart Attack,
Heart Failure and stroke
High Blood Pressure (HBP) or
Hypertension
High Blood Pressure (HBP) or
Hypertension resulting from low
frequency sound
Increased heart rate (but not an
increase in blood pressure)
Low Blood Pressure

Respiratory conditions

Diabetes (including Type 2 diabetes,
gestational diabetes mellitus and
diabetes related mortality)
Obesity

Physical lethargy (itself a potential
mediator of obesity and diabetes)
Immune system dysfunction

Increased time to pregnancy (TTP)

Foetal and childhood development
including low birth rate (LBW), small for
gestational age (SGA), preterm birth
(PTB) and decrease in reading scores.

Source
Road
Aircraft
Rail
Road
Aircraft
Rail
Road
Aircraft
Rail
Road
Aircraft
Rail
Road
Aircraft
Rail
Road
Aircraft
Rail
Road
Aircraft
Rail
Road
Aircraft
Rail
Road
Aircraft
Rail
Road
Aircraft
Rail
Road
Aircraft
Rail
Road
Aircraft
Rail
Road
Aircraft
Rail
Road
Aircraft
Rail
Road
Aircraft
Rail
Road
Aircraft

Sufficiency of Evidence
Sufficient
Sufficient
Sufficient
Moderately sufficient
Moderately sufficient
Moderately sufficient
Sufficient
Sufficient
Moderately sufficient
Moderately sufficient
Insufficient
Insufficient
Sufficient
Moderately sufficient
Moderately sufficient
Sufficient
Moderately sufficient
Moderately sufficient
Insufficient
Insufficient
Insufficient
Moderately sufficient
Insufficient
Insufficient
Moderately sufficient
Insufficient
Insufficient
Sufficient
Insufficient
Insufficient
Sufficient
Moderately sufficient
Insufficient
Sufficient
Sufficient
Moderately sufficient
Sufficient
Insufficient
Insufficient
Moderately sufficient
Insufficient
Insufficient
Moderately sufficient
Insufficient
Insufficient
Moderately sufficient
Moderately sufficient

Rail

Insufficient
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Neurodevelopmental, attention deficit,
hyperactivity and/or behavioural
disorder/difficulties in Children
Cognitive impairment and psychological
stress including depression and anxiety
Reduced functioning of cortisol
production as well as self-reported
quality of sleep and mood as a result of
low frequency noise
Parkinson’s disease

Dementia

Breast cancer

Colon Cancer

Non-Hodgkin Lymphoma (NHL)

Road
Aircraft

Moderately sufficient
Insufficient

Rail
Road

Insufficient
Moderately sufficient

Aircraft
Rail
Road
Aircraft

Sufficient
Insufficient
Insufficient
Insufficient

Rail
Road
Aircraft
Rail
Road
Aircraft
Rail
Road
Aircraft
Rail
Road
Aircraft
Rail
Road
Aircraft
Rail

Insufficient
Moderately sufficient
Insufficient
Insufficient
Moderately sufficient
Insufficient
Insufficient
Moderately sufficient
Moderately sufficient
Insufficient
Moderately sufficient
Insufficient
Insufficient
Moderately sufficient
Insufficient
Insufficient

Furthermore, the influence of moderating,
mediating and confounding factors has only
recently emerged as an important
consideration within the literature. The failure
of the guidelines for systematic reviews for the
most recent WHO guidance documents to
define inclusion criteria for such factors is
evidence of this. Overall, and as substantiated
by the findings of the literature reviews
informing the new WHO guideline, evidence
for ‘strength of effect’ is still emerging, with
the quantum of research being rather
insufficient overall. This, in combination with
emerging evidence for wider ranging health
outcomes, clearly highlights the need for
additional research to more sufficiently
understand the full impact of environmental
noise on population health and well-being.

1.13 Conclusion
Research undertaken to date suggests that
exposure to environmental noise can increase
the risk for cardiovascular and metabolic
complication, immune system dysfunction,
diabetes, obesity, depression, anxiety, and
cognitive impairment, with emerging studies
proposing links between environmental noise
and various cancers including breast cancer,
colorectal
cancer,
and non-Hodgkin’s
Lymphoma. Such analysis has most commonly
focused on road traffic noise as this source of
noise is the most prevalent in the urban
environment. However, more recent research
has considered broader and combined sources
of transportation sources – road, rail and air
(e.g. Gille et al., 2017; Seidler et al., 2017;
Wothge et al., 2017).
Most studies have been undertaken in
developed nations across Europe (e.g. Cai et
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al., 2017; Baliatsas et al., 2016; Tobías et al.,
2015), the United States (e.g. Swinburn et al.,
2015; Hammer et al., 2014; Kheirbek et al.,
2014) and Canada (e.g. Clark et al., 2017;
Carrier et al., 2016; Dai et al., 2015). In recent
years, however, there has been an increasing
number of studies undertaken beyond the
Anglo-Saxon sphere of influence, including
developing economies (e.g. Azuma and
Uchiyama, 2017; Kim et al., 2017; Chang et al.,
2014), where urbanisation has been
developing at a more rapid pace than in
western nations.

associations between exposure to road, rail,
and aircraft noise and non-auditory health and
well-being
outcomes.
Perhaps
more
significantly, the potential importance of the
role of moderating, mediating and
confounding factors in the exposure-response
relationships, and the importance of the
systematic consideration thereof has been
highlighted. Indeed, the consideration of such
factors has been somewhat overlooked in the
formulation of existing guidance documents.
Furthermore, the effect of combined sources
and population characteristics requires
increased attention, both for threshold
specification and for the abatement and
mitigation of negative health impacts from
environmental noise.

In the context of the growing interest in the
relationship between environmental noise and
wide-ranging health outcomes, the negative
impact of environmental noise on public health
is increasingly recognised as a serious issue as
societies urbanise. The stark reality is that the
world’s urban population is set to double from
3.10 billion in 2014 to 6.4 billion in 2050
(United Nations, 2014).

Finally, an accessible matrix which sets out the
‘sufficiency of current evidence’ for exposureresponse relationships by source for wideranging health outcomes has been proposed.
In so doing, emerging evidence for associations
between exposure to transportation noise
sources and health outcomes which go beyond
the scope of the systematic reviews which
informed the most up to date WHO
Environmental Noise Guidelines have been
identified. As such, a solid justification for
further studies and systematic reviews which
1) reflect new and updated research; 2)
systematically consider the influence of
moderating, mediating and confounding
factors, and; 3) investigate the combined
effects of multiple and varied noise sources
and other environmental pollutants on
population health and well-being, is provided.

Given this growing body of evidence, current
exposure-response models used by the WHO,
including the most recent guidelines (WHO,
2018), will need to be updated in order to
incorporate new insights attained from recent
research - both objective and subjective
measurements - with noise sensitivity given
increased priority, as well as the inclusion of
sound specific indicators. While it must be
acknowledged that there is a growing
recognition of the risks that environmental
noise poses to public health - for example, the
seventh Environment Action Programme (EAP)
is committed to moving closer to the
recommended levels of exposure proposed by
the WHO by 2020 (Environmental Protection
Agency (EPA), 2017) - further studies are
imperative in order to promote compliance
amongst policy-makers to ensure the
recommended levels of environmental noise
proposed by the WHO (2009; 2011; 2018) be
implemented as a matter of priority.
This chapter has provided clarity regarding the
scope of the most up-to-date evidence for
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are relevant to all transportation modes and
sets out a more holistic ‘urban soundscape’
approach for noise mitigation and abatement.

Part 2: Transportation noise
mitigation and abatement
approaches for the Irish context

2.2 Source-Based Measures
The key source-based noise mitigation and
abatement measures which are relevant to all
or multiple sources include 1) legal regulation
and 2) the installation and maintenance of low
noise surfaces.

2.1 Introduction
As the sources and severity of noise pollution
continue to grow - not least due to increasing
urbanisation, there is a need for new
approaches to reduce exposure (Science for
Environment Policy, 2017). Given the many
sources of noise pollution, the mitigation and
abatement of environmental noise pollution
requires a coherent strategy of long-term and
medium- to short-term measures aimed at
reducing the exposure of populations to
environmental noise (Murphy and King, 2014).
Long-term measures are generally those that
are aimed at reducing noise levels on a broader
scale while medium- to short-term measures
tend to be focused on the mitigation and
abatement of more specific and localised noise
conflicts.

2.2.1 Restrictions on vehicle sound
emissions
Restrictions on vehicle sound emissions by
means of legislation which sets out permissible
noise levels at the point of vehicle manufacture
(road, rail and air) is one method of reducing
noise at source. Such limits may be set for
various transport vehicles and modes (i.e. road
and rail vehicles, as well as aircraft), with
different limits being set for different modes of
transport. Most countries have these limits in
place either at the national or supranational
level. The unilateral reduction of limits in
individual jurisdictions would have a major
impact on noise emission exposure. Clearly,
the enforcement of limits is vital to the
effectiveness of any such legislation. As such,
they must be tightly controlled by regular
audits, tests and inspections to ensure
compliance (Murphy and King, 2014).

For all forms of environmental noise, the most
effective noise control and regulation
measures are those that target a reduction in
noise emitted at the source. While total noise
abatement from source is the ideal mitigation
approach, the nature of environmental noise
and the variation of specific cases of exposure,
abatement measures that target noise
reduction at the receiver are also required.

2.2.2 Low-Noise Surfaces and Maintenance
While the main source of air noise affecting
populations is engine noise, road and rail noise
sources include engine noise and rolling noise.
Rolling noise relates to the interaction
between the vehicle tyre and the road surface
in road vehicles and the wheel and the track
surface in trains and trams. This interaction
generates noise. While engine noise relates to
vehicle engine and transmission noise which
propagates from the vehicle directly, it also
produces reflected noise from the
road/underlying surface.

This document comprises an outline and
discussion of the key approaches for noise
mitigation and abatement, focusing in detail
on well-established and emerging source and
propagation measures that are used for road
rail and air noise – the key sources of
environmental noise pollution. The first
section outlines source-based abatement
approaches including source-specific case
studies which are considered best practice
exemplars for noise mitigation which can be
applied in the Irish context. The second section
outlines propagation measures, most of which

2.3. Road Traffic Measures
Road traffic is the biggest source of
environmental noise (European Environment
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Agency, 2014), exposure to which far exceeds
rail and aircraft sources combined (Murphy
and King, 2014). In urban areas, road traffic is
thought to account for 80% of all noise
pollution (The SMILE Consortium, 2003).

2.3.3 Hybrid and Electric Vehicles

Road traffic noise is caused by a combination
of rolling noise (due to vibrations and
interactions between the tyre of the vehicle
and the road surface) and propulsion noise
(emanating from the engine itself). Rolling
noise dominates noise emissions when cars are
travelling above approximately 30 km/h, while
engine noise is the major source of noise below
this speed.

When in electric mode and travelling at low
speeds, electric vehicles are quieter than
traditional gasoline or diesel-powered cars
(Kropp et al., 2007). However, because the
difference in noise emissions is negligible at
high speeds - given the predominance of rolling
noise when travelling above 30 km/h – studies
have shown limited benefits from a noise
mitigation and abatement perspective. Indeed,
one US study found that if all cars were
replaced with electric ones, the average sound
level would only be reduced by 1dB during the
day (Kaliski et al., 2012), while Dutch research
found that if the conventional car fleet was
replaced with hybrid or fully electric cars, noise
emissions in urban areas could be reduced by
3-4dB (Jabben et al., 2012). While more recent
Spanish research by Campello-Vicente et al.
(2017) also identified limited noise reduction
at high speeds (above 50km/h) due to the
overriding contribution of rolling noise, they
found that a flow of electric vehicles running at
30km/h reduced sound levels by 2dB. Indeed,
a simulated noise map showed that the
substitution of internal combustion engine
vehicles with electric vehicles could improve
the acoustic environment for a not
insubstantial 10% of citizens.

Hybrid electric vehicles have been produced
since the 1990s and more recently all-electric
vehicles have been introduced (Science for
Environment Policy, 2017).

2.3.1 Legislation for road traffic noise in
the EU
Road traffic noise reductions at the source in
the EU are mandated through the Motor
Vehicle Directive 70/157/EEC which also
harmonised
the
associated
testing
methodology. The permissible noise limits
stipulated in the directive range from 74 to 80
dB(A) depending on the vehicle category. The
categories range from passenger vehicles
comprising less than nine seats to vehicles
intended for carriage of goods with an engine
power of not less than 150 Kw (Guarinoni et al.,
2012). Since its adoption in 1970, this Directive
has been substantially amended several times,
in an effort to account for the changing fleet
composition in Europe.

2.3.2 Quieter Engines
Partly as a result of more stringent legislation
on noise limits, recent research has focused on
improvements in engine technology to reduce
noise emissions from cars (Murphy and King,
2014). Technologies have been developed
which can reduce engine noise levels without
affecting the power output of internal
combustion engines (see for e.g. Iannetti,
1997). Electric and hybrid motor vehicles also
offer reduced engine noise (Jabben et al.,
2012).

2.3.4 Low-Noise Road Surfaces and
Maintenance for Road Traffic Noise
In terms of the road surface, the key
acoustically relevant civil engineering
properties are:
1) The characteristics of the road pavement
(i.e. dense or porous);
2) The type of binder used (i.e. asphalt or
cement concrete);
3) The mix (i.e. the variety, size, shape and
distribution of stone/mineral aggregate
and the amount and type of binder), and;
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4) The surface treatment (surface dressing
with/exposure of mineral aggregate,
rolling and mechanical treatment).

the smooth even surface reduces the
vibrations generated in the tyre which also
reduces tyre/road noise (Bendtsen and
Raaberg, 2007). Thin layer asphalt (2 porous
layers) is most suitable for urban areas as the
porous layer can get clogged with dust very
quickly, thereby negating its ability to absorb
noise.

Beyond these properties, there are three main
characteristics which are responsible for air
pumping, influencing the excitation of tyre
vibrations and sound radiation from tyres
(Kropp et al., 2007), and thereby describing the
acoustical behaviour of a road surface:

For both types of surface, the noise reduction
effect is based on the low aggregate size (with
20-25% void inbuilt) of the mixture which has
greater attenuation capacity for noise
absorption. As a result, the surface absorbs
noise and drains water – thus less water spray
is observed by road users and overall noise is
reduced. Low noise asphalt has an additional
(and considerable) advantage over other
mitigation approaches (e.g. façade insulation)
in that indoor and outdoor noise affecting all
buildings near treated roads is reduced. Thus
the approach has the effect of improving the
surrounding soundscape of the entire
neighbourhood.

1) Surface roughness
2) Surface porosity
3) Surface elasticity
Taken together all of the above properties and
characteristics can be represented by a set of
parameters which provide information on the
acoustical properties of the surface. From this,
it follows that different surfaces have different
noise attenuation capacities. The ability of a
surface to attenuate noise depends on a
number of factors but the key factors are the
texture of the surface, the texture pattern and
the degree of porosity of the surface structure.

Kropp et al. (2007) found that a noise reduction
of up to 6dB could be achieved with the most
absorptive surfaces, but they need regular
cleaning to maintain their absorptive capacity
(at least twice a year).

The most effective low-noise road surfaces
currently available are porous asphalt and thin
layer asphalt. There are also a number of next
generation surfaces in development.
Porous asphalt reduces the air pumping effect
and reduces the noise reflected from the
vehicle through the absorption of reflected
noise. The noise reduction effect decreases by
0.4dB per year for light vehicles at high speeds
and by 0.9dB at low speeds. For heavy vehicles,
this amounts to 0.2dB at high speeds. No effect
is assumed for low speeds. However, concern
exists over the durability of these surfaces as
well as the fact that they require frequent
maintenance.

Low-asphalt solutions can be highly effective
but they tend to be expensive. However, Kloth
et al. (2008) assert that cost of low-noise road
surfaces relative to other abatement measures
(barriers, insulation, etc.) remain relatively low
cost with double-layer porous asphalt costing
in the region of €30/m2 more than
conventional surfaces. Low-noise asphalt has
an additional (and considerable) advantage
over other mitigation approaches (e.g. façade
insulation, barriers etc.) since indoor and
outdoor noise affecting all buildings near
treated roads is reduced. Thus, the approach
has the effect of improving the surrounding
soundscape of the entire neighbourhood.

Thin layer asphalt has been designed and
optimised for low-noise emission by the use of
small maximum aggregate size (6 or 8 mm),
creating an open surface texture and creating
a smooth surface texture (Bendtsen and
Nielsen, 2008). The open surface structure
reduces noise generated from air pumping and

In Europe and beyond, the comparison of
different road surfaces is problematic because
different nations/jurisdictions tend to use
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different surfaces as standard; for example,
asphalt rubber concrete is used in Portugal, the
Netherlands utilise porous asphalt as standard,
Denmark’s standard surface is a dense-graded
asphalt concrete while Sweden generally
employs a stone mastic asphalt (Bendtsen et
al., 2008). The forthcoming CNOSSOS-EU
method attempt to address these deficiencies
by developing a theoretical standard European
road surface. It consists of an average of dense
asphalt concrete 0/11 and stone mastic asphalt
0/11, between 2 and 7 years old and in a
representative maintenance condition. A
criticism of the standardised approach is that
there may be cost-benefit trade-offs for
different surfaces which may vary with local
climate, e.g. different temperature or rainfall
regimes, or local availability of different types
of aggregates.

developing completely new tyres may have
even more potential.
Important considerations in low noise tyre
design include:
•
•
•
•
•
•

Tread stiffness – lower levels can reduce
the excitation of tyre vibrations.
Mass – tyres with higher mass generate
reduced vibrations.
Reduced tyre width
Increased external diameter
Increased belt stiffness
Volume of grooves in relation to the
volume of rubber blocks in the tread,
which influences air pumping.

Each of these parameters can influence the
rolling noise by a few decibels, but may
negatively impact other tyre properties such as
rolling resistance or friction. Thus, the
optimisation of tyre parameters is important to
obtain satisfactory noise emission levels,
energy efficiency and other tyre properties.

2.3.5 Low-Noise Tyres
Noise levels vary depending on the class of
tyre. In tyres permitted in the EU, Sandberg
(2006) found a range of somewhere between 6
and 8dB within certain tyre subcategories and
10dB within the entire car category (and for
the truck category) in terms of the differences
in acoustic performance among several
hundred tyres. Replacing tyres with quieter
alternatives could reduce noise emissions by
about 3dB (Kropp et al., 2007). Because tyres
are generally not interchangeable between
subcategories (Kropp et al., 2007), the range of
optional difference is ultimately 6-8dB for cars
and about 5dB for trucks. This suggests that
there is considerable scope for noise reduction
by utilising the best tyre technology which
could be fast tracked through the introduction
of legislation to reduce permissible noise limits
and force manufacturers to adopt better
technology. Indeed there are already ‘quiet’
tyres available in the EU labelled 66-67dB (the
average value is 70-71dB). Quiet tyres are
generally no more expensive than standard
tyres and perform similarly in terms of wet grip
and rolling resistance. Several have been
developed and are already on sale on the
European market. However, while positive,

More radical changes in tyre design include:
•
•

Adding a porous tread which could reduce
noise emissions by 5dB.
A more futuristic idea is that of the
‘TWEEL’, an airless tyre first envisioned by
Michelin that could reduce noise emissions
by up to 10dB (Kropp et al., 2007).

The benefits of low noise tyres are amplified
when applied on noise-reducing road surfaces
and through the use of speed limits.
EU legislation - which has been effective since
November 2012 - is aimed at increasing the
safety as well as the economic and
environmental efficiency of road transport by
promoting safe, fuel-efficient and low-noise
tyres. The legislation establishes a framework
for the provision of harmonised information on
tyre parameters including information on
external rolling noise of tyres through labelling
that allows consumers to make an informed
environmentally friendly choice when
purchasing tyres. The noise rating provides the
external noise emissions of the tyre in decibels.
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A noise classification is shown for people who
may not be familiar with the decibel system.
The system uses visual representations of
sound waves to categorise each tyre in relation
to forthcoming European tyre noise limits
where:
•
•
•

higher than ‘smooth driving’ in urban areas
(Singh and Davar, 2004). More passive driving
behaviour could be promoted through:
•

1 black wave = Quiet (3dB or more below
the future European limit);
2 black waves = Moderate (between the
future European limit and 3dB below);
3 black waves = Noisy (above the future
European limit).

•

•

The more widespread use of automatic
gearing systems for vehicles which
promote gradual transitions between
gears at relatively low RPMs.
The improvement of in-vehicle technology
to inform drivers about the optimum time
to complete gear changes (i.e. ca. 2000
RPM) could be used to promote less noisy
driving styles among the driving
population.
The
rollout
of
awareness-raising
campaigns to educate drivers about the
negative externalities of ‘aggressive’
engine
driver
behaviour
(e.g.
www.ecodrive.org).

2.3.7 Traffic Management
Measures to manage traffic play an important
role in reducing noise emissions and noise
exposure where sensitive receivers exist i.e.
residential areas in cities. Only recently has
evidence confirmed the effectiveness of such
measures. The most important measures are
reductions in traffic volumes (heavy vehicles in
particular) and reductions in traffic speed.
Research has shown that the banning of
private cars in certain areas can significantly
reduce noise levels (King et al., 2011,
Nieuwenhuijsen and Khreis, 2016) and a 2010
White Paper on European Transport Policy5
stressed similar sentiments. However, if traffic
volumes are reduced in cities, it is important
that average speeds are not allowed to
increase given that propulsion noise increases
with engine revolutions (RPMs). For example,
King et al. (2011) found that banning private
cars in Dublin city centre only reduced noise
levels by 2 dB(A), partly as a result of buses
increasing their speed due to less congestion.
However, they also found that considerable
potential existed for further noise reductions if

Figure 2.1: EU tyre labelling system incorporating
tyre noise information. Source: Murphy and King
(2014).

2.3.6 Driver Behaviour
Promoting more passive and less aggressive
driving styles can reduce noise by an average
of 5 dB(A) for cars and commercial vehicles and
by 7 dB(A) for motorcycles (Kloth et al., 2008).
Rapid acceleration and re-starting the engine
in traffic can result in emissions up to 15dB
5

European Transport Policy for 2010: Time to
decide. White Paper. COM (2001) 370.
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the ban was accompanied by associated
retrofitting of the bus fleet with quieter buses.
In cities, speed reductions can be achieved by
lowering the speed limit in areas of the city
where there are noise-sensitive receivers
(which can reduce noise emissions by several
decibels). This requires political will and
enforcement by local, regional and national
law enforcement officers. Such will has been
recently demonstrated in Hamburg, Helsinki,
Madrid and Oslo where plans to become, at
least partly, private car-free have been
announced (Nieuwenhuijsen and Khreis,
2016).

be blocked off from cars. The city began
construction in late 2017.
Starting in November 2018, Madrid will ban
non-resident
vehicles
from
driving
anywhere in the city centre. The only
permissible cars will be those that belong to
locals, zero-emissions delivery vehicles,
taxis, and public transport vehicles. By 2020,
the city plans to ban cars from 2 km2 of its
city centre, with 24 of the city's busiest
streets being re-designated as pedestrianonly.
Oslo plans to permanently ban all cars from
its city centre by 2019, will invest heavily in
public
transportation
and
replace
approximately 60 km of roads previously
dominated by cars with cycle lanes.

Other measures to reduce motorised traffic
include:
•
•
•
•
•

‘car free days’
Restricting the number of parking spaces
in the city
Congestion charges
Investing in cycling infrastructure
Investing in public transport

Hamburg plans to make walking and cycling
its dominant mode of transport. Within the
next two decades, the city will reduce the
number of cars by only allowing pedestrians
and cyclists to enter certain areas.

Box 2.1: Reducing motorised traffic in
European Cities

London enforces a "congestion charge” in
some parts of the city.

Brussels holds an annual ‘car-free Sunday’
event every September, when car traffic is
banned between the hours of 9am and 7pm.
Acoustic assessments of this initiative
suggests it reduces noise by over 10dB
(Brussels Environment, 2012). A further
proposal in the city would turn a busy fourlane thoroughfare into a pedestrian-only
area. In January 2018, the city started
banning diesel cars made prior to 1998. And
as of summer 2018, the city intends to make
public transport free on high-air-pollution
days.

Such initiatives tend to focus on the air
pollution benefits, although the reduction in
traffic noise can also have significant benefits
for health (Nieuwenhuijsen and Khreis, 2016).
Indeed, such measures - both directly and
indirectly - can contribute to noise abatement
as part of a wider traffic management
strategy.
Traffic management measures that specifically
target the reduction of heavy vehicles (such as
night-time restrictions) in noise sensitive
residential areas have the potential to reduce
noise events.

Paris began a similar initiative in 2016,
banning car traffic along 10 routes, including
the Champs Elysées, on the first Sunday of
each month.

Other traffic calming measures such as speed
bumps and the designation of one-way streets
may have positive impacts on noise levels if
implemented correctly. For example, the
extent to which speed bumps are effective in
reducing noise is debated since the number of

Berlin announced a plan in March 2017 to
build a dozen bike super-highways, which
will each stretch at least 4 metres wide and
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accelerations and decelerations along the link
may offset noise reductions from lower
speeds.

sustainable modes such as walking and cycling.
Encouraging this shift is not only important for
noise abatement – It is also a policy objective
for the reduction of air pollution, energy
consumption
and
health/well-being
promotion (Murphy, 2009, 2012). Measures to
encourage such a shift include, inter alia:

2.3.8 Traffic Engineering
Strategies and procedures that integrate noise
reduction into decision-making when
upgrading the transport network and the fleet
that use the network could lead to substantial
reductions in noise emissions. Such strategies
and procedures include:
•

•

•

•

•

Road surfaces need to be upgraded on a
medium-term basis. Low-noise road
surfaces should be considered during road
surface upgrades given that there are now
cost-efficient options available (Guarinoni
et al., 2012).
The public transportation fleet (including
buses, cars and commercial vehicles) also
need to be upgraded regularly. Less noisy
vehicles should be chosen during the
upgrading process.
Environmental Integration Models (EIMs)
with noise issues as a primary component
could be integrated into Environmental
Impact Statements (EISs) to ensure that
environmental noise is a primary
consideration in planning, construction
and operation of infrastructure schemes.

•
•
•
•

More attractive, reliable, frequent,
widespread and comfortable public
transport (preferably rail based);
High quality cycling facilities including
bicycle sharing (Murphy and Usher, 2015)
and integrated networks of segregated
cycle lanes.
Park and ride facilities;
Mobility management plans;
General marketing campaigns to promote
modal shift;
Financial incentives to promote modal
shift.
Box 2.3: Best practice in road noise
abatement: The case of Annecy, France
Annecy is a medium-sized city (ca. 51,000
inhabitants in 2007) in the Rhone-Alpes
region in South East France. It has a strong
tradition of good practice in road traffic
noise management and control.
Early innovations
In the 1970s, heavy goods vehicles were
banned from the city centre and around this
time the city also reduced speed limits from
50 to 30 km/h. In 1992, it was nominated for
a Golden Decibel6 in the ‘Action for Silence’
category. Since then, the city has had a
progressive noise policy and has made a
concerted effort to tackle noise even before
the END legislation was introduced.

Box 2.2: Traffic Engineering Measures in
Europe
Valencia has applied low-noise asphalt road
surfaces and has purchased quieter hybrid
buses for use in the city centre (co-financed
by the EU).
Parma has introduced low-noise buses in its
city centre, which is also a ‘limited traffic
area’ (The SMILE Consortium, 2008).

Taking noise seriously
The city’s noise policy addresses many types
of noise sources. For instance, in 1994 the
city put glass recycling depots underground

2.3.9 Encouraging Modal Shift
Modal shift involves switching from private
vehicles (the main source of environmental
noise) to public transport and other
6

In 1991, the French National Council for Noise
Reduction created the Golden Decibel award. It

has subsequently been managed by the Noise
Information and Documentation Centre in France.
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to reduce the impact of noise from breaking
glass.
•
Policy commitment and international
recognition
In 2003, the city was highlighted by the
Sustainable Mobility Initiatives for Local
Environment (SMILE) project as an example
of good practice in road traffic noise
abatement in Europe. In April 2007, the city
launched the Agenda 21 action programme
which commits the city to five key themes
(Ville d’Annecy, 2007). This programme
includes the promotion of sustainable travel
to allow free access to the city without
harming the community and encourages
alternative modes of ‘soft’ transport (such
as walking, cycling and skating). Most
recently, to tackle urban congestion, the
LIFE+Urbannecy project was launched. This
project aims to develop a new logistic tool to
reduce the environmental impact of parcel
deliveries (greenhouse gas and particulate
matter emissions) and improve the quality
of life (by reducing traffic and noise) in the
city centre.

•

•

•

Ville d’Annecy Noise Action Plan
The city also developed a noise action plan
(for its major roads) as required under the
Environmental Noise Directive (Ville
d'Annecy,
2013).
This
document
summarised a number of the city’s policies
in road traffic noise control and abatement.
The following are a range of noise control
and abatement measures adopted by the
city:
•

•

•

•

with offending vehicles being subject to
a fine;
A positive purchasing policy has been
adopted by the city and it systematically
selects quiet processes and equipment
for municipal services working on public
highways;
Road maintenance in the city involves
the
gradual
replacement
of
conventional road surfaces with lownoise surfaces;
The city has also instigated various
awareness campaigns for drivers of
two-wheelers (motorbikes and mopeds)
since
2000.
This
involved
representatives from the Municipal
Police checking the output of noise
levels of two-wheelers (mainly mopeds)
at various schools – this had the dual
purpose of informing adolescents about
the regulatory thresholds to be adhered
to and also increasing awareness of
environmental noise;
Speed zones in the city centre have been
reduced
and
this
has
been
complemented with the creation (and
then extension) of a pedestrian zone in
the city centre to reduce noise levels in
the city centre;
The city has developed traffic
management plans to reduce the
volume and speed of traffic as well as
altering the nature of the flow.

However, a valuable lesson has been
learned by the city of Annecy. Some of the
traffic management strategies employed in
the city has inadvertently moved noise from
the city centre to other parts of the city. As
a consequence, noise complaints rose from
areas which previously had no complaints.
This implies that care must be taken when
dealing with noise which is why a holistic
approach to traffic management should be
taken. Often the best solution might be a
mixture of a number of approaches as
opposed to just one mitigation measure.

The city has introduced several byelaws and decrees, most notably Decree
No. 2006-1099 of 31 August 2006 on the
fight against neighbourhood noise and
amending the Public Health Code
(regulations);
The city encourages the adoption of
low-noise vehicles (such as electric
vehicles) for public services such as
refuse collection;
A noise taskforce was created in 1985
and the Municipal Police conduct
regular inspections of motor vehicles
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2.4. Rail Noise Measures

2.4.2 Low-Noise Surfaces and Maintenance
for Rail Noise

Rail is generally considered to be the most
environmentally friendly transport mode.
Despite this, railway noise - and especially rail
freight traffic – is the most important source of
environmental noise after road noise in Europe
- with at least 19 million people estimated to
be exposed to levels above 55dB (Guarinoni et
al., 2012, Science for Environment Policy,
2017). Furthermore, the sound levels
produced by railway lines can often be higher
(European Commission, 2011). As such,
reducing noise is an important objective for the
railway sector (de Vos, 2016). Indeed, the EU’s
Future Noise Policy Green Paper (European
Commission, 1996) noted that the public’s
main criticism of rail transport is associated
with noise pollution. Soon after, the
EURailNoise study was set up to review EU
legislation an railway noise and document
technical measures to reduce railway noise
(Kalivoda et al., 2003).

Existing research acknowledges that rolling
noise is the most prominent source of noise
when trains/trams are running7. However, for
non-electrified trains, engine noise dominates
when they are stationary or travelling at low
speeds. A large amount of train noise results
from the interaction of steel wheels with steel
rails. When a train is in motion, both the wheel
and the track vibrate thereby creating noise
(de Vos, 2016, Murphy and King, 2014). The
impact of the wheel on a rail joint will also
generate noise – this will occur when rails are
not continuously welded. Flange squeal can
also be generated as a result of sliding contact
between wheel flanges and steel rails. The
roughness of the wheel, track roughness and
track support structure all play an important
role in the noise generation and radiation
process. As such, it is important that the track
is as smooth as possible (de Vos, 2016).

2.4.1 Legislation for Rail Noise in the EU

There are two general approaches
controlling rail noise at source:

According to the European Commission, the
most effective way to mitigate rail noise is by
tackling noise at its source by retrofitting
existing freight wagons with composite brake
blocks. This technical solution reduces rail
noise by up to 10dB, which equates to a 50%
reduction in audible noise for humans. The
Commission encourages the retrofitting of
wagons with the most economically viable lownoise braking technology available. Directive
2012/34/EU on a single European railway area
empowered the Commission to develop rules
for charging for rail noise. Regulation (EU)
2015/429 provides the legal framework for
noise differentiated track access charges
(NDTAC) schemes within the European Union.
The legislation obliges the Commission to
assess the effects of the implementation of the
noise differentiated track access charges
schemes by 31 December 2018. At present, the
Commission is also revising the technical
specifications for freight wagons.
7

to

1) The abatement of engine noise through
improvements in fleets where old locomotives
are replaced with lower noise locomotives.
2) The abatement of rolling noise. The
conditions of the rail surface and the surface of
the train/carriage wheels have a significant
effect on the noise levels generated. As such,
abatement measures tend to focus on the
vehicle (including the wheels, brakes and body)
and the track (including the rail itself, rail pads,
sleepers and ballast.

2.4.3 Vehicle measures
•

Above 300km/k, aerodynamic noise dominates.
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Improved brake block technology on
rolling stock is a commonly used approach
for noise mitigation along railways.
Research has shown that new composite
brake block technology (including K- and
LL-blocks) rather than cast-iron brake
blocks has the ability to reduce noise
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•

•
•

•

emission by 8-10dB (Oertli and Hubner,
2010) and up to 12dB from freight trains on
well-maintained tracks (Science for
Environment Policy, 2017). This type of
noise abatement measure involves
retrofitting the fleet or a portion thereof
with the new break block technology. In
Europe, this is already underway with
countries such as Germany, Switzerland
and the Czech Republic already retrofitting
part of their fleet with the new technology
(Murphy and King, 2014) with most freight
trains in international traffic expected to
use these brake blocks in the next 5-10
years, making their noise emissions similar
to those of passenger coaches (Science for
Environment Policy, 2017).
The use of optimised wheels is another
commonly used approach for noise
mitigation along railways. This approach
includes the isolation of the wheel tread
from the wheel web and the optimisation
of the size and shape of the wheel to
reduce vibration.
Wheel dampers
Bogie shrouds are wheel covers which
used to reduce the noise from rail/wheel
interaction and can reduce noise by
around 2-3dB.

•

•

•
•

•

2.4.4 Track measures
•

Acoustic grinding. Rail grinding can be
employed to smooth rail tracks and
thereby reduce friction. It can also
maintain and extend the service life of the
rail. The process involves applying abrasive
grinding stones to the surface of the rail,
removing corrugations, burrs and other
surface
defects.
While
generally
undertaken to prevent rail defects and
fatigue cracks (Thompson, 2008), typical
rail grinding campaigns can lead to
reductions of up to 3dB, although this is
dependent on local rail roughness
conditions (Oertli and Hubner, 2010). New
technology now allows for high-speed
acoustic grinding of rail tracks at working
speeds of more than 80km/h.

•
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The use of continuously welded rail (CWR)
serves to reduce noise emission by
removing rail joints and, therefore, impact
noise. Jointed tracks can generate
between 2dB(A) and 5dB(A) more noise
than CWR.
The use of tuned rail dampers (preformed
elements attached to the side of the rail)
reduces the amount of rolling noise
radiated by the track by reducing the
amplitude of vibrations transmitted along
the rail. Noise reductions of up to 6dB on
ballast track have been measured using
this technique (Thompson et al., 2007).
The installation of (firmer) rail and wheel
absorbers/pads. This measure can act to
absorb vibrations and reduce rolling and
squealing noise by 2-3dB – although
concerns remain regarding their cost and
safety (de Vos, 2016).
Low trackside barriers.
In cities where light rail/trams are
prominent, it is possible to reduce noise by
purchasing new low-noise trams. Kloth et
al. (2008) point out that the noise
emissions from modern trams are at least
10dB less than older trams (assuming a 30year lifespan).
The recent SILENCE project (www.silenceip.org) has developed a new track form
and new floating slab to reduce ground
borne noise without leading to a high level
of low frequency noise which is a problem
with existing tracks (see Kloth et al., 2008).
Green noise abatement for trams. The use
of lawn tracks increases surface
absorption of rolling noise from the tram
and reduces potential reflections. Low
parallel walls close to tramways is a
roughness-based noise reduction method.
For example, the recent Hosanna project which investigated holistic and sustainable
abatement of noise by optimised
combinations of natural and artificial
means in Europe – using predictive
software, found that a 3.05-m-wide
configuration of 16 parallel walls starting
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1m from the nearest track reduced railway
noise by more than 6dB(A) at a 1.5-m-high
receiver 50m from the edge of the track
(Nilsson et al., 2013).

Corporate Responsibility
Since this period has elapsed, Swiss
Federal Railways (SSB) are now required to
implement noise reducing measures
where a given rail line is subject to
increased traffic or increased speed limits
and predefined noise ceilings are
breached.
Financial Incentives
Swiss legislation has also instituted a
programme of differentiated track access
charging. Indeed since 2002, a noise
reduction bonus has been in place that
stipulates that all (including foreign) rail
users who meet particular low-noise
standards for rolling stock will receive a
financial bonus. Only companies which
use quieter advanced brake technology
(i.e. composite KK- or LL- blocks, disc
breaks or comparable) can qualify for the
financial bonus.

Figure 2.2: Lawned light rail track (Luas) in Dublin,
Ireland. Source: Murphy and King (2014).

Box 2.4: Best practice in rail noise
abatement: The case of Switzerland
Switzerland has one of the most advanced
and long established programmes of noise
abatement for railways globally (Oertli
and Wassmer, 1996, Oertli and Hubner,
2010).

Innovative abatement measures
In more recent initiatives, additional
measures have been added to the
programme such as rail lubrication to
mitigate curve squeal and elastic
elements have been incorporated into
steel bridges (Oertli, 2009). More
recently,
the
Swiss
government
announced plans to ban cast-iron brakes
by 2020, which will encourage foreign
trains using Swiss railway lines to do the
same.

Early innovations
Noise mapping of the railway system was
undertaken as early as the 1990s and, as
of 2000, Switzerland has specific
legislation on noise limit values for the
protection of its citizens.

Significant Public Investment
Over 7% of its national budget for railway
investment between 2000 and 2015 was
dedicated to noise abatement (c. €1.5
billion), aiming to reduce noise exposure
by two thirds. The programme was funded
by taxes on heavy vehicles, VAT and fuel
taxes and involved retrofitting of trains
with low-noise brake blocks (K-blocks)
installed on 24,500 wagons, installing 300
km of noise barriers and improving
insulation of 81,000 windows with a sound
reduction index of R’w.35dB. The
approach, although requiring significant
resources, was supported by the public
through a referendum.

Overall, it can be seen that the approach
to railway noise abatement in Switzerland
has comprised a major strategic and
concerted effort on many levels. It has
also been accompanied by allocation of
significant resources which, importantly,
was endorsed by the public through a
referendum providing the programme and
its subsequent implementation with
much-needed political and public
support.
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economically responsible manner. Following
an assessment of noise levels, the ICAO
Balanced approach suggests four approaches
to management (ICAO, 2016):

2.5 Air Traffic Noise Measures
While fewer people are exposed to air traffic
noise compared to noise from road and rail
traffic, it is reported to cause greater
annoyance (Guarinoni et al., 2012, ISO, 2016,
Münzel et al., 2014). Although individual
aircraft have become some 75 % less noisy
over the last 30 years, the growing amount of
air traffic means that many EU citizens are still
exposed to high noise levels (Guarinoni et al.,
2012). The main sources of airport noise are
from the aircraft itself, which generates noise
on the ground while parked, while taxiing,
during run-up, take-off, flight and landing
(Science for Environment Policy, 2017). Noise
originates from three major sources:
•

•

•

1. Reduction of noise at source
• New technologies
• Noise standards
• Fleet evolution
• Air traffic management
2. Land-use planning and management
• Zoning: controlling development, such as
preventing noise-sensitive land-uses (e.g.
residential buildings, schools, hospitals)
near to an airport or flight path.
• Mitigation: e.g. façade insulation of
nearby noise sensitive buildings.
• Tax incentives and financial charges

Aerodynamic noise due to the airflow
around the man body of the aircraft,
increasing with speed and at low altitudes;
Engine/mechanical noise due to the jet
engines, which predominates during takeoff and climb;
Noise from aircraft systems including the
auxiliary power unit, which is used to start
the main engines and provide power while
the aircraft is on the ground.

3. Noise abatement operational procedures
• Noise-preferential routes or runways
• Limited engine running while on the
ground
• Displaced landing thresholds: Changing
where on a runway planes can land to
reduce noise emissions for sensitive areas.
• Reducing power/drag
• The continuous descent approach (CDA),
whereby the aircraft is at a higher altitude
throughout most of the descent than the
conventional ‘stair step’ approach, which
reduces noise pollution for communities
below.

2.5.1 Legislation for Air/Aircraft Noise in
the EU
Regulation (EU) No 598/2014 is compliant with
and applies the "Balanced Approach", agreed
and recommended by the International Civil
Aviation Organization (ICAO). The Regulation
requires that civil aircraft comply with the
noise standards laid down in Volume 1, Part II,
Chapter 4 of Annex 16 to the Chicago
Convention. Furthermore, the Regulation
requires that the noise standards for aircraft
should reflect changes in relevant ICAO
documents to reflect the continuous
technological progress in engine and airframe
technologies.

4. Operating restrictions on aircraft (last
resort)
• Movement caps
• Noise quotas
• Curfews

2.5.3 Other mitigation approaches

2.5.2 The Balanced Approach

•

The Balanced Approach was developed in 2004
to address growing concerns about airport
noise. It aims to tackle noise at individual
airports in and environmentally and

•
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Aircraft modifications such as the use of
high-bypass turbofan engines;
Aerodynamic construction changes to
reduce drag and therefore airframe noise.
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service provider) looking to further reduce
noise for local communities. Airbus ProSky is
designing various departure and arrival
procedures for the A380 based on the
recommendations of NATS, Heathrow and
BA.

Larger-scale approaches include:
• Creating ‘noise contour overlap maps’
which represent sound emissions in lines
and outline the area around an airport in
which noise levels exceed a given dB
threshold;
• Zoning policies to site new airports away
from populated and noise-sensitive areas.
• Financial charges are also important Over 100 airports in Europe have deployed
noise charging schemes in the past 25
years (EASA, 2016, Ganic et al., 2015).

Scoping
of
Potential
Operational
Improvements
The first stage identified possible
operational improvements such as reducing
thrust on departure and optimising the
height at which the aircraft is flown, which
can significantly reduce noise levels shortly
after take-off.

Despite this suite of measures, there remains a
need for new efforts to mitigate aircraft noise.
Although jet aircraft noise levels have reduced
over the past 30 years, the number of people
exposed to noise from European airports is
forecast to increase by 15% by 2035 (from
2014 levels) (Science for Environment Policy,
2017). However, a continued 0.1dB reduction
per year for new aircraft could halt the growth
of overall noise exposure by 2035. This could
be further enhanced by new technology
development (EASA, 2016).

Simulation and Evaluation
The second stage evaluated these
procedures in a British Airways flight
simulator. Once these project stages were
complete, the partners began a series of
demonstration and evaluation flights,
starting in early 2015. It is intended that the
procedures will be shared with other
operators and airports where the A380
operates.
The Quieter Flight project brings together
industry expertise to manage noise, and
when combined with other initiatives such
as community engagement, could help to
make a difference to those people living
under the flight path.

Box 2.5: Best practice in air noise
abatement - The Quieter Flight project,
Heathrow, England
In 2014, Airbus, British Airways (BA),
Heathrow Airport and NATS8 launched a
unique partnership to develop operational
procedures to reduce the number of people
affected by noise around London’s
Heathrow airport. The effort uses British
Airways’ A380 aircraft, recognised as one of
the quietest aircraft of its size today.

Source: CANSO & ACI (2015)

2.6 Propagation Measures
While total noise abatement from source using
the measures outlined heretofore is the ideal
mitigation approach, abatement measures
that target noise reduction at the receiver are
also required. Such measures are referred to as
propagation measures as they are used to
reduce noise (and the impact thereof) that has
been emitted from the source at the point of

In July 2014, the cross-industry partners
initiated a three-stage ‘Quieter Flight’
project. The project utilises the capabilities
of the A380, with the aircraft manufacturer,
airline, airport and NATS (the air navigation
8

NATS is the UK's leading provider of air traffic
control services, handling 2.4 million flights and
250 million passengers in UK airspace annually. In
addition to providing services to 14 UK airports,

and managing all upper airspace in the UK, the
company provides services around the world
spanning Europe, the Middle East, Asia and North
America.
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the receiver. As they are not necessarily
source-specific, they can be relevant for a
range of sources (road, rail, air). Such measures
include land use planning, building design,
building/façade insulation and various types of
barriers.

programmes, new development or on
brownfield sites (see Building Design).

2.6.2 Building Design
It is important that architects and urban
planners are aware of the potential acoustical
implications of a building’s design and building
standards as regards insulation against noise.
Building design can influence noise immission
(i.e. noise inside a building) through:

2.6.1 Land Use Planning
Land use planning has the potential to play an
important role as part of a long-term strategy
for noise reduction. Land use plans are
essentially zoning plans which outline future
locations and type (residential, office, retail,
industry) of development activity that may be
permitted or not permitted within urban and
regional environments over a set time period
comprising the life-span of the plan (normally
5-15 years). Their potential use in noise
abatement lies in their ability to:
•

•

•

•

•

•

1) Room layout, and;
2) Geometry and orientation of buildings;
3) Building/Façade insulation
Room layout should ensure that rooms
associated with less noise-sensitive activities
(e.g. kitchens, bathrooms, utility and storage
rooms) are placed towards the dominant noise
source (i.e., road or rail line) while rooms that
house more noise-sensitive activities, such as
bedrooms for sleeping and the living room for
relaxation, are located away from the
dominant noise source. In a way, the former
act as barriers for the latter.

Indicate quiet areas (e.g. SACs, greenbelts,
parks, green spaces, etc.) that are to be
protected against any new noise emission
(e.g. a new road, a new rail line, a new
airport/runway, etc.);
Designate noise-sensitive areas resulting
from strategic noise mapping where any
new noise imission should be prevented
(e.g. residential areas under existing flight
paths or which are very close to major
roads etc.);
Allocate land use in such a way as to
ensure the distance between new (noise
emitting) land uses and noise-sensitive
areas is sufficiently large to prevent new
noise immission to noise-sensitive areas;
Ensure the smart allocation of land-use to
minimise the generation of additional
(private) traffic through cities and regions,
especially in noise-sensitive areas;
Allocate land use in such a way as to
promote modal transfer from private to
public transport, cycling and walking;
Implement noise abatement measures as
part of a retrofitting process for cities and
especially as part of new residential
development
in
regeneration

Figure 2.3: Noise-compatible room layout. Source:
Reprinted in Murphy and King (2014).

Geometry and orientation of buildings
The geometry and orientation of buildings
should be a primary planning consideration –
both for the building itself and building in the
vicinity. From a noise perspective, the extent of
reflections is the primary consideration.
Building geometry and orientation should be
designed in such a way as to minimise
potential reflections from key noise sources
(i.e. roads and railways). In particular;
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1) The reflection of noise from one façade to
another should be avoided
2) Additional elements and geometrical
configurations can be designed into the
building specifically for noise abatement
purposes e.g. balconies and wing walls.
According to Kloth et al. (2008), the noise
reduction potential of balconies ranges from 5
to 14 dB(A), depending on the size of the
window, the angle between the window and
the noise source, the depth of the balcony and
the height of the boundary wall.

Figure 2.4: Noise reflection at buildings: (a) to be
avoided and (b) preferred. Source: (Nelson, 1987).
Reprinted in Murphy and King (2014).

3) Orienting windows away from the
dominant noise source and protecting them
with wing walls
Building/Façade Insulation
Sound insulation of buildings includes sound
‘proofing’ the windows and outer walls,
particularly at the façade of the building which
is directly exposed to noise. It is often seen as
a last resort measure to reduce noise for noisesensitive receivers. It can be very effective, but
also rather costly.
Sound ‘Proofing’ Windows: Modern windows
with double and triple glazing can reduce noise
by between 30dB and 40dB (Kloth et al., 2008).
However, the acoustic performance of triple
glazing systems is highly dependent on the
quality of the frame being used for the glazing
(Tadeu and Mateus, 2001). New windows that
are installed for sound reduction purposes
should have a sound reduction index of R ’ w >
35dB that should be measured after insulation.

Figure 2.5: Illustration of how wing walls can be
used to prevent noise immission. (Nelson, 1987).
Reprinted in Murphy and King (2014).

A study in Norway which encompassed 2500
dwellings and before and after noise surveys
found that façade insulation resulted in an
average equivalent noise reduction inside the
dwelling of 7dB from road traffic noise
(Amundsen et al., 2011). In the study, reported
annoyance was reduced from 42% being highly
annoyed before the programme to 12%
afterwards.

Insulation Characteristics of Walls: Sound
insulation can be linked closely to thermal
insulation. Insulation placed between the
vertical members of an external wall will play a
significant role in reducing sound transmission
through the wall. As such, both are compatible
and insulating buildings for energy
improvements also has the effect of reducing
internal noise levels.

Sound Quality of Doors: Solid well-fitting doors
can achieve noise reductions of between 35
and 40dB (Kloth et al., 2008)

2.6.3 Linking land use planning and
building design
In terms of the link between building design
and land use planning, best practice includes
utilising buildings that are not noise sensitive
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as noise barriers for sensitive buildings. Further
noise abatement can be achieved through the
careful extension of existing commercial or
non-noise-sensitive buildings to act as barriers
to more sensitive residential buildings. A
practical example is the use of commercial
buildings,
or
noise-proofed
terraced
housing/apartment blocks instead of noisesensitive and semi-detached housing in the
first housing row facing a motorway or
highway. In this way, the front row would act
as a barrier for semi-detached or detached
housing carefully designed behind the first
row. Needless to say, if residential in nature,
the design of this front row would need to be
carefully
thought
out
as
regards
building/façade insulation, room layout,
geometry, window and balcony orientation,
design and functionality (i.e. whether the
windows open). Thinking broadly about
community wide noise reduction strategies,
the key caveat with the building/façade
insulation approach is that the benefit only
accrues to the inhabitants of the dwelling
being treated. Other solutions involving
broader solutions involving building placement
and design have the potential to have noise
reduction benefits for the wider and
surrounding community and neighbourhood.

reduce noise levels by 3-7dB depending on
their design and height (Arenas, 2008).
Barriers are relatively ineffective at screening
properties which are at some distance from
the road or railway since the barrier effect is
not additional to the attenuation due to
propagation over the intervening soft ground;
instead, the barrier replaces this component of
noise attenuation (King and O'Malley, 2012). In
some European cities, barriers that partially
cover the road have been used, but these are
very expensive architectural features.
While simple reflecting barriers were often
used along roads and railways in the past,
modern barriers tend to have absorptive
surfaces on the traffic side. These absorptive
surfaces minimise the level of reflected sound.
Barriers vary substantially in their design and
construction material. They can be constructed
with a large variety of materials including:
•
•
•
•
•
•
•
•

2.6.4 Barriers
Barriers are frequently used to reduce noise
propagation alongside roads or railway lines. In
fact, noise barriers are the dominant type of
mitigation measures adopted in CEDR9
member states to reduce road traffic noise
(Bendtsen et al., 2010). The effectiveness of a
noise barrier is governed by the path length
difference (the amount by which the top of the
barrier cuts the line of sight between the
source and receiver), provided the sound
transmitted through the barrier is minimal.

In CEDT Member states, concrete, wood and
aluminium are the most prevalent barrier
types (Bendtsen et al., 2010). The choice of
barrier material should consider the local
environs.
According to Kloth et al. (2008), the most
effective barrier types are absorbing barriers,
capped barriers, angled and dispersive
barriers, embankments and earth berms,

ISO 9613 limits the maximum attenuation of a
thin noise barrier at 20dB in any octave band
and 25dB in the case of thick noise barriers.
However, in practice, a noise barrier will
9

Wood
Steel
Aluminium
Acrylic sheeting
Concrete
Masonry block
Rubber mats
Earth (earth berm) – a mound of earth
along the road/rail line. In general, an
earth berm produces 3dB more
attenuation than a wall of the same height
(Wilson, 2006).

Conference of European Directors of Roads
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covering barriers and random edge profile
barriers.

Embankments and earth berms – Natural
barriers that can be created from earth
material dug out during construction phase of
roadway or railway.

Absorbing barriers – Barriers with absorptive
material on the traffic side of the barrier which
absorbs some of the incident sound, thereby
reducing reflections that might impact
receivers.

Covering barriers – Barriers which offer
complete cover of both sides and above the
road, i.e., a tunnel or sound tube.

Capped barriers – Barriers with a specially
designed cap section at the top of the barrier.
The purpose of the cap is to reduce the
potential of sound waves travelling over the
top of the barrier. Variations include t-topped,
multiple edge and double barriers (compared
to simple 2 m plane barriers). Research by
Watts et al. (1994) - using full scale tests found that the average increase in acoustic
screening of 2-m high T-shaped, multiple edge
and double barriers compared with a simple
plane reflecting barrier of identical height
ranged from 1.4 to 3.6dB(A) depending on
detailed design. Furthermore, the use of
innovative barrier designs such as a T-top
barrier (with absorptive material placed on top
of the horizontal portions) has the potential to
reduce barrier heights compared to
conventional noise barriers (Watson, 2006).

Figure 2.7: The Sound Tube along the Tullamarine
Freeway,
Melbourne,
Australia.
Source:
http://en.wikipedia.org/wiki/File:TullamarineFwy.j
pg.

Random edge profile barriers – Barriers with
different height along their length to create
destructive interface effects that will reduce
noise propagation over the barrier. The jagged
edge causes a reduction in coherence of the
diffracted signal being transmitted to the
shadow zone as compared to a conventional
straight edge barrier.
Sonic crystals – Researchers are currently
working to create noise barriers from sonic
crystals to abate road traffic noise. The original
sonic crystal device was made up of 1 cm solid
lead balls surrounded by silicone, arranged
into a crystal lattice cube, and could absorb
sounds that usually require much thicker
materials (Science for Environment Policy,
2017). Sonic crystals can prevent the
transmission of sound waves at specific
frequencies, which can be tailored by changing
the size and geometry of the crystals. Although
in the early stages of development, in the
future sonic crystals could be used to build
‘acoustic cloaks’ which could theoretically
make large objects, including entire buildings,

Figure 2.6: Example of a capped barrier. Source:
Murphy and King (2014) - Courtesy: Douglas
Barrett, Sanchez Industrial Design, Inc.

Angled and dispersive barriers – Barriers
which reflect the sound upwards or in a
direction away from noise-sensitive receivers
through the use of tiled walls or contoured
surfaces.
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sound proof (Koussa et al., 2013, Krynkin et al.,
2013, Ding et al., 2007, Liu et al., 2000).
•

actual transmission loss will be
approximately 9dB (Government of Hong
Kong, 2003).
For optimal noise reduction, barriers
should be located as close as possible to
either the noise source or the receiver to
maximise the path length difference.

Figure 2.8: Sonic crystal noise barrier created by the
Wave Phenomena Group, Polytechnic University of
Valencia, Spain. Source: Murphy and King (2014) –
Reprinted from García-Chocano et al. (2012).

To ensure that the most effective attenuation
is
achieved,
the
following
design
considerations should be adhered to (Mahon,
2013):
•

•

•

The barrier must be sufficiently tall so that
it blocks the line of sight between the
source and receiver. Thus, the higher the
noise barrier, the better the insertion loss,
provided
the
sound
insulation
performance of the barrier is adequate;
The length of the noise barrier must be
long enough to cover an angle of at least
160˚ from the receiver. Alternatively, the
distance between the receiver and the
barrier end should be at least four times
the perpendicular distance from the
receiver to the barrier;
The most effective barriers are solid and
continuous. Where breaks in the barrier
are necessary, the barrier should overlap.
These sections of barriers should ideally be
finished with sound absorbing material
and the overlap should be at least four
times the opening width. Furthermore, the
presence of leaks due to holes, cracks,
gaps, etc. will severely compromise
acoustic effectiveness. For example, if a
gap occupies just 3% of the surface area of
the noise barrier with an expected
transmission loss of 25dB at 500Hz, the

Figure 2.9: Range of potential noise barriers.
Source: Paikkala et al. (2002) reprinted in Murphy
and King (2014).

Vegetation can also be used as a barrier, but
the effectiveness of vegetation in terms of
noise reduction is minimal (i.e. 10m depth of
vegetation results in only 1dB reduction in
noise). The real value may be in terms of their
psychoacoustic performance: where people
cannot see the noise source but see greenery
instead, it has been shown to lead to a
subjective reduction in annoyance and
disturbance (Yang et al., 2011). However, the
impact of vegetation on annoyance is disputed
with Watts et al.’s (1999) research concluding
that vegetation barriers had little or no effect
on perceived annoyance levels.
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Several agencies have released guidance on
the appropriate design of noise barriers. For
further detailed information and design
considerations, readers should consult:
•

•

particularly influential in this context. They
developed the theory of ‘attention restoration’
which suggests that people exposed to high
stimulus environments (i.e. busy and noisy
spaces) that require extended periods of
‘direct attention’ suffer mental fatigue and
reduced attention span, which can in turn lead
to reduced physical and mental functioning
(Herzog et al., 2003). This suggests that
consciously designed natural environments
can provide ‘restorative settings’ with specific
qualities and components that are beneficial
for restoring physical and mental capabilities
(Ulrich and Addoms, 1981, Kaplan, 1995).
These services may be particularly important
within an urban context where exposure to
stresses may be more acutely perceived (van
den Berg et al., 2010, Beyer et al., 2014,
Corkery, 2015).

Design guidelines to improve the
appearance of noise walls in New
South Wales, Roads and Traffic
Authority, New South Wales, Australia,
November 2006.
Guidelines on Design of Noise Barriers,
Highways Department, Government of
Hong Kong SAR, Second Issue 2003.

2.7 The ‘Urban Soundscape’ Approach to
Noise Mitigation and Abatement
The concept of ‘soundscape’ is a term coined
by Schafer (1994) to describe perceptions of
the acoustic environment in a landscape
setting. Schafer recognised the need for
integrating the knowledge and skills of the
various disciplines that have an interest in the
acoustic environment (Brown, 2010). He was
concerned with the negative connotations
associated with the notion of noise pollution
and suggested that more emphasis should be
placed on the positive sounds associated with
a particular environment.

Furthermore, studies have identified the
mediating effect of green space on the
relationship
between
exposure
to
environmental noise and green space and
natural environments (Douglas et al., 2017).
For example, research undertaken by Dadvand
et al. (2012) revealed that exposure by
pregnant women to green space and nature
may have affected birth outcomes by altering
their levels of noise exposure, among other
factors. Indeed, research has shown that green
space exposure may influence the propensity
to develop cardiovascular disease at any age,
through the mediation of inter alia noise
exposure (Hu et al., 2008).

The soundscape concept intersects not only
with the field of acoustics including sound
quality, human acoustic comfort in buildings
and music but also with non-acoustic fields
such as
wilderness and recreation
management, urban and housing design, and
landscape planning and management (Brown,
2012). In the field of urban and landscape
planning

Thus, pleasant artificial sounds can be
introduced in places that are generally of
good sound quality but are potentially under
threat from unwanted noise in order to mask
unwanted sounds and preserve areas
perceived as being acoustically pleasant
(including urban green spaces such as pocket
parks). In some cases, artificial sounds can be
introduced to enhance the sound quality of a
generally good noise environment while in
others they can be introduced to mask
unwanted sounds entering a good sound
environment under threat. Thus, measures

There has been a significant increase in
emphasis on soundscape research in recent
years. In particular, it has been evoked as a
potential approach for the preservation and
maintenance of areas of good acoustic quality
such as quiet areas which are considered to be
important for general well-being and quality
of life (Memoli and Licitra, 2013).
As outlined by Lennon et al. (2017), the work
of Rachel and Stephen Kaplan (1989) has been
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introducing artificial sounds have the
potential to be used as part of action planning
strategies in cities.

parts of the city is provided as background
noise in
the square11 (Memoli and Licitra, 2013).

Box 2.6: Best practice in Urban Soundscape
Planning: The case of Stockholm, Sweden

2.8 Cost-effectiveness issues
In addition to their ability to reduce noise
pollution, the cost-efficiency of abatement
approaches is a key consideration for decision
makers, who are often operating within tight
budgetary limits. Important considerations
include the cost of implementation, as well as
the cost of maintenance/renewal, the
availability of resources and relevant funding
schemes (Science for Environment Policy,
2017).

The city of Stockholm won the 2010
European Soundscape Award10 for its
support for the development of soundscape
planning in the city. The city has
implemented a number of measures to
promote better urban soundscapes:
The Noise Quality Score
The rationale for the system has its roots in
a soundscape approach and assumes that
many of the factors which cause noise can
be avoided if they are taken into
consideration in the design, planning and
development of new infrastructure of cities
(Murphy and King, 2014).

A useful decision-support tool is cost-benefit
analysis, which can help to prioritise different
noise abatement options and ensure that
limited funds are spent to greatest effect
(Kloth et al., 2008). The European Network of
EPAs interest Group on Traffic Noise
Abatement (Blokland and Peeters, 2016)
recently made a range of recommendations for
traffic noise abatement, including developing a
standard
procedure
for
cost-benefit
assessment and making decisions on
investment open to the public.

Permanent Sound Installations
The city has funded the erection of three
permanent sound installations at one of
Stockholm’s central squares – Mariatorget –
at the south end of the city centre. The
square was upgraded in 2010 and, as part of
the redevelopment, soundscape concerns
took centre stage.

Cost varies widely between local noise
abatement measures. Noise barriers have an
estimated cost of €300 per m2 (Kloth et al.,
2008), with a varying cost to benefit ratio
depending on the specifics of the site, such as
the population density and the type of barrier.
Tunnels are both the most expensive and most
effective form of noise barrier (Science for
Environment Policy, 2017). Overall, noise
barriers are considered the least cost-effective
approach, despite their significant noise
abatement ability (Guarinoni et al., 2012).

Architect
Bjorn
Hellstrom
created
permanent sound installations in the park in
collaboration with the City of Stockholm.
Their purpose was to transform and
acoustically reimagine the square. The
approach provides a best-practice example
of soundscape improvement in a noise
polluted city square.
One of the installations provides rhythmic
sound through a loudspeaker to the
background noise being produced by a
fountain in the central square. Indeed as
part of the ‘Play Stockholm’ initiative at the
square, the musical character of different

For façade insulation, costs are generally high
compared
to
other
measures,
but
comparatively little when implemented in new

10

Awarded by the Noise Abatement Society in
England in cooperation with the British
Department for Environment, Food and Rural

Affairs (Defra) and The European Economic Area
(EEA).
11
See http://kymatica.com/playstockholm/
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buildings with high thermal insulation
standards (Kloth et al., 2008). It has been
estimated that the average cost, per
apartment, for insulation is around €28,000
(Klæboe et al., 2011). Façade insulation may be
more cost-effective than the introduction of
low-noise road surfaces (Klæboe et al., 2011),
which have an estimated cost of €3.5 per m2
(Nijland et al., 2003). Their respective benefit
however depends on how densely populated
an area is (with insulation being more effective
in less densely populated areas). Low-noise
tyres are considered particularly cost-effective,
due to their significant noise abatement but
minimal side effects. Quiet tyres can reduce
noise by around 4dB at no additional cost
(Nijland et al., 2003).

For aircraft noise, no direct cost-benefit
analysis of the imposition of noise limits,
preferential runways and in-flight noise
abatement procedures and curfews has been
undertaken in the literature, so it is impossible
to evaluate their cost-effectiveness adequately
(Murphy and King, 2014). However, a costbenefit analysis of the overall noise abatement
strategy at O’Hare International found that the
benefit of implementing the programme
outweighed the costs for the local community
by a factor of three (Brown et al., 2004).

2.9 Conclusion
Noise is one of the most pervasive and complex
environmental pollutants, driven by a
combination of factors including urbanisation,
economic growth, expanding transport
networks and increasing industrial output
(European Environment Agency, 2014). As
recognition of its public health implications
grew at the end of the 20th Century, dedicated
European legislation was developed and the
European Environmental Noise Directive was
adopted in 2002.

Traffic management measures are some of the
most affordable measures (Science for
Environment Policy, 2017). Static signs to
impose speed limits or ban heavy goods
vehicles for example are relatively cheap, with
an estimated cost of €300 per sign (Kloth et al.,
2008).
For railway noise, using quieter brake blocks on
existing freight trains could reduce noise
emissions by 10dB at an estimated installation
cost of €2,000 per wagon and additional lifecycle costs of €1,000 per wagon and year. In
particular, LL-blocks are recommended, as
they perform equally effectively as K-blocks
but are considered more cost-efficient. On the
track side, polishing existing train tracks would
cost €2,700/km/year, while implementing
quiet tracks on planned new lines has an
estimated cost of €11 000/km (Nijland et al.,
2003). Broadly speaking, however, the most
cost-effective approach is often to use a
combination of strategies (Science for
Environment Policy, 2017).

Alongside legislation, noise abatement
measures will be an important component of a
comprehensive noise strategy for Ireland. As
outlined in this document, there are a wide
variety of noise abatement techniques
available. Important considerations when
selecting a technique include the type of noise,
the location of the noise source and the
receiver population, and cost (Science for
Environment Policy, 2017).
Clearly, the most effective and cost-effective
approach towards noise mitigation is to reduce
noise at the source at the point of
manufacture, such as legislation demanding
quieter engines and low noise surfaces
(Science for Environment Policy, 2017, Murphy
and King, 2014). This is not only the most
efficient method from a technical perspective
but such measures are also the most costefficient way in which to abate noise in
sensitive areas (Science for Environment
Policy, 2017).

Overall, comparisons of the (discounted) costs
and benefits of road and rail traffic noise
abatement measures suggest that the benefits
are higher than the costs in all cases (Nijland et
al., 2003).
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However, these methods are often difficult to
put into practice, making local strategies
equally important as part of a wider strategy
(Den Boer and Schroten, 2007, Nilsson et al.,
2013). As outlined above, there are a range of
approaches available to reduce exposure to
noise locally, from well-established methods
such as insulation and speed limits to more
novel strategies such as ‘urban soundscape’
and green approaches.
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Policies to reduce the extent of the noise
problem in the future will need to look
simultaneously at source and receiver
measures so that a comprehensive and
coherent strategy for noise reduction is put in
place at a number of different levels.
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In conclusion, a mix of mitigation at source and
noise abatement at the receiver end will be
important to target noise hotspots (Guarinoni
et al., 2012). In the European context,
important progress has been made in
developing noise abatement technologies in
recent years, which — together with robust
legislation — can provide the basis for
healthier soundscapes in Ireland and Europe
more broadly.
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4.0 Appendices
4.1 Appendix 1: Recent Evidence of Association by Outcome and Source
Outcome
Annoyance

Noise Source (s)
Road

Aircraft

Rail

Annoyance from low
frequency noise

Sleep Disturbance

Sleep Disturbance in
Children
Ischaemic heart disease
incidence

Myocardial infarction
(MI) (Heart Attack)

Sound levels below 250
Hz, and including levels
of 20 Hz and below
(infrasound)
Road
Aircraft

Rail
Road
Road

Road

Aircraft

Increased risk of Heart
Failure
Cardiovascular
incidence including
stroke

Rail
Road
Road

References
Guski et al, (2017); Ragettli et al., (2016); Sung et
al. (2016) – even greater in areas exposed to
complex sources; Okokon et al. (2015);
Guski et al., (2017); Wothge et al. (2017); Gille et al.
(2017) – aircraft most annoying, followed by road
traffic noise, and finally railway noise in both
studies; Sung et al. (2016) – even greater in areas
exposed to complex sources.
Guski et al., (2017); Bodin et al. (2015) - railway
noise at levels of between 45-54dB reported to be
significantly less annoying than traffic noise at an
identical noise level.
Baliatsas et al., (2016) - main source of annoyance
associated with low frequency noise attributed to
ventilation systems, followed by road traffic noise,
wind turbines, and aircraft noise.
Basner and McGuire (2018); Basner et al., (2014).
Nassur et al., (2018) -indicators related to noise
events were significantly associated with objective
parameters of sleep quality. Increased levels of
aircraft noise and increased numbers of aircraft
noise events increased the time required for sleep
onset (SOL) and the total wake time after sleep
onset (WASO) and decreased sleep efficiency (SE).
An association was also observed between aircraft
noise exposure and an increase in total sleep time
(TST) and time in bed (TB); Basner and McGuire
(2018).
Basner and McGuire (2018)
Skrzypek et al. (2017) – 7-14 year olds only.
Pershagen et al., (2017); Sørensen et al., (2014) no association found for air pollution; Paunovic and
Belojević, (2014) - correlation was minor relative to
other conditions including obesity, hypertension,
and physical inactivity; Bodin et al. (2016) - no
evidence of Ischaemic heart disease incidence.
Seidler et al. (2016); Roswall et al. (2015) - railway
noise was not related to myocardial infarction (MI);
Bodin et al. (2016) - no association.
Seidler et al. (2016) – only noise levels of 60dB and
above; Evrard et al. (2016) – in males only.
Seidler et al. (2016)
Sørensen (2017) – strongest in men and in
combination with air pollution.
Münzel et al. (2018); Cai et al. (2017); Halonen et
al. (2017) - little correlation between road traffic
noise and stroke, as associated with hypertension
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Aircraft

High Blood Pressure
(HBP) or Hypertension
(sometimes caused by
vasoconstriction)

Road

Aircraft
Rail

High Blood Pressure
(HBP) or Hypertension
resulting from low
frequency sound
Low Blood Pressure
(sometimes caused by
vasodilation)
Increased heart rate
(but not an increase in
blood pressure)
Respiratory conditions

Type 2 Diabetes

and carotid intima-media thickness (cIMT); Recio et
al., (2016); Dzhambov and Dimitrova (2016) increased risk for stroke but statistical correlations
were not found to be significant; Tobías et al.,
(2015); Tobías et al. (2014);
Dimakopoulou, K., et al. (2017) – increased stroke
risk but not statistically significant; Dzhambov and
Dimitrova (2016).
Pyko (2018); van Kempen et al. (2018); Fuks et al.
(2017) - road traffic noise was weakly positively
associated with the incidence of self-reported
hypertension. No clear associations with measured
hypertension; Zeeb et al. (2017) – results
suggestive of an association of noise exposure with
clinically more severe hypertension diagnoses, but
not with uncomplicated hypertension. The absence
of individual confounder data adds to the risk of
bias. Belojevic et al. (2015) - children aged 8 to 14
years - increase in systolic and diastolic blood
pressure for every 10dB of sound; Schmidt et al.
(2015) – In children; Babisch et al. (2014); Liu et al.
(2014) - In children aged 10 years – no independent
association with air pollution; Liu et al. (2014) significant correlation between child exposure to
road traffic noise and increased diastolic blood
pressure; Chang et al. (2014) - including low and
mid frequency traffic; Liu et al. (2014), Paunovic et
al. (2014), Paunovic and Belojević, (2014).
Pyko (2018); van Kempen et al. (2018);
Dimakopoulou et al. (2017); Seidler et al. (2016).

Road

Seidler et al. (2016) – unusually in this study, risk
was found to be most strongly correlated with
railway noise, followed by traffic noise, with the
least correlated risk for hypertension incidence
associated with exposure to aircraft noise.
However, aircraft noise exposure did not reach
beyond 62dB, while both traffic noise and railway
noise exposure reached between 65dB and 70dB,
which may explain such contrary findings.
Chang et al. (2014)

Road

Zijlema et al., (2016)

Road

Carey et al., (2016); Recio et al., (2016); Tobías et
al., (2014).

Road

Roswall et al., (2018), Franklin and Fruin (2017) reduced lung function in children exacerbating the
effect of air pollution; Eze et al. (2017) –
independent of air pollution; Thiesse et al.,(2016);
Heidemann et al. (2014).
Roswall et al. (2018A); Clark et al., (2017);
Christensen et al. (2016) – in 7 year old children;

Road

76

Draft Literature Review & State of Knowledge Report

Aircraft

Tobías et al. (2015) for populations > 65 years, for
every 1dB increase in night-time road traffic noise,
the risk for diabetes related mortality rose by 9.4%
Eze et al. (2017) – independent of air pollution.

Rail

Roswall et al., (2018a) – no association.

Diabetes related
mortality
Gestational diabetes
mellitus

Road

Dzhambov and Dimitrova (2016).

Road

Obesity

Road

Ashin et al., (2018); Nicole (2016); Christensen et
al., (2015) – primarily found in obese subjects with
pre-existing cardiovascular conditions; Oftedal et
al., (2015) – only in women who were highly
sensitive to noise.
Roswall et al., (2017); Pyko et al., (2015) – weaker
than air, stronger than rail.

Aircraft

Rail

Combined sources

Physical lethargy (itself
a potential mediator of
obesity and diabetes)
Immune system
dysfunction

Road

Neurodevelopmental,
attention deficit,
hyperactivity and/or
behavioural
disorder/difficulties in
Children
Cognitive impairment
and psychological stress
including depression
and anxiety

Road

Road

Road

Aircraft

Rail

Pyko et al., (2015) - the strongest predictor by
transportation source, followed by road and then
rail; Eriksson et al. (2014)
Christensen et al., (2015) – only if sound levels
exceeded 60dB; Pyko et al., (2015) – weaker than
air and road.
Pyko et al., (2015) – exposure to a combination of
road, rail and aircraft noise related to an increase
in metabolic complication and increase the risk of
obesity; Nicole, (2016) – effect increased if exposed
to a combination of road and rail noise over 60dB.
Kim et al., (2017); Recio et al., (2016); Sørensen et
al., (2015).
Skrzypek et al. (2017) – 7 to 14 year olds; Weyde et
al. (2017) – 3 to 8 year olds; Hjorteberg et al.
(2016)
Sakhvid et al. (2018) - only suggestive evidence that
road traffic noise might lead to
neurodevelopmental problems in children; Orban
et al., (2016), Seidler et al., (2017) - over 70dB;
Tzivian et al., (2017); Sørensen et al., (2015);
Roswall et al. (2015) - no significant association.
Chen et al. (2017) - exposure to high levels of road
traffic noise. No risk found in the context of
Parkinson’s disease or multiple sclerosis. Halonen
et al., (2014) - no association between psychotropic
medication use and road noise; Hill et al. (2014);
Sygna et al. (2014) – only where participants had
pre-existing experiences of poor sleep quality;
Seidler et al., (2017) - between 50 and 55dB; Beutel
et al., (2016) - road traffic, rail, aircraft, industrial,
and neighbourhood interior and exterior noise
were analysed with aircraft noise presenting the
highest risk factor for depression and anxiety.
Beutel et al., (2016) - After aircraft noise, road
traffic noise was second highest risk factor for
depression and anxiety, followed by exterior

77

Draft Literature Review & State of Knowledge Report
neighbourhood noise, industrial noise, interior
neighbourhood noise, and only then railway noise.
Parkinson’s disease and
or Multiple Sclerosis
(MS)

Road

Dementia
Increased time to
pregnancy (TTP)

Road
Road

Foetal and childhood
development including
low birth rate (LBW),
small for gestational age
(SGA), preterm birth
(PTB) and decrease in
reading scores.

Road

Aircraft

Breast cancer

Colon Cancer
Non-Hodgkin
Lymphoma (NHL)

Road
Aircraft
Rail
Road
Road

Díaz et al. (2017) - significantly increased risk for
Parkinson’s disease, and the exacerbation of preexisting Parkinson’s disease; Chen et al. (2017) - no
risk found in the context of Parkinson’s disease or
multiple sclerosis.
Chen et al. (2017) - increased risk for dementia.
Christensen et al., (2017) - TTP of between 6 and
12 months, but not in relation to TTP terms greater
than 12 months.
Gupta et al., (2018); Nieuwenhuijsen et al. (2017) –
low quality evidence for an association between
road traffic noise and low birth weight, preterm
birth and small for gestational age. some evidence
for foetal development issues, but more robust
analysis required; Skrzypek et al., (2017); Hegewald
et al., (2017) - less evident than air; Roswall et al.,
(2016); Gehring et al. (2014) - significantly
increased risk for LBW; Dzhambov et al. (2014) pregnant women exposed to noise levels greater
than 80dB were at significantly higher risk for
having SGA, gestational hypertension, and babies
with congenital malformations; Hjorteberg et al.
(2016) – No effect on new-born baby size or
weight; Dadvand et al. (2014) - no significant
associations;
Nieuwenhuijsen et al. (2017) – very low quality for
associations between aircraft noise and preterm
birth, low birth weight and congenital anomalies;
Klatte et al., (2017) – decrease in reading and
quality of life scores and an increase in noiserelated annoyance in children.
Roswall et al. (2017b) - railway noise showed no
correlation.
Hegewald et al., (2017)
Hegewald et al., (2017) - less evident than aircraft.
Sørensen et al. (2015)
Sørensen et al. (2015) - traffic noise exposure levels
above 65dB significantly increased the risk for Bcell lymphoma and non-specific lymphoma.

4.2 Appendix 2: Moderating, Mediating and Confounding Variables
Moderating Variables (Moderators)
Outcome

Moderator
Building type

Source (s)
Road
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Window orientation

Road

Evandt et al., (2017); Bodin et al.,
(2015) - road versus open spaces;
Pirrera et al. (2014)

Noise level from a given
source

Road

Bodin et al., (2015); Ragettli et al.,
(2016) – no association identified for
rail.

Annoyance
Complex sources
Proximity to noise source

Sleep Disturbance

Sensitivity/subjective
experience
Fluctuating traffic flow
across the nocturnal cycle
Noise level from a given
source

Aircraft
Road
Aircraft
Road
Aircraft
Road
Road

Sung et al., (2016)
Ragettli et al., (2016)
Elmenhorst et al., (2016), Riedel et
al., (2015)
Frei et al. (2014)

Road

Azuma and Uchiyama, (2017) – no
association identified for rail.

Noise Level

Road

Nature of Noise from a
given source (continuous v
irregular)
Combined sources

Road, rail
and
aircraft
Road rail
and
aircraft

Noise sensitivity

Road

Orban et al., (2016) – subjects
exposed to noise levels of over 55dB
between 23% and 30% more likely to
present with depressive symptoms
relative to participants exposed to
road traffic noise levels under 55dB.
Seidler et al. (2017) - a threshold of
70dB for road noise, and between
50dB and 55dB for aircraft noise.
Seidler et al. (2017) - participants
exposed to combined sources of
road, railway, and aircraft noise,
were likely to experience significantly
higher risk levels for depression
outcomes.
Hill et al. (2014)

Pre-existing experiences of
poor sleep quality

Road

Sygna et al. (2014)

Immune System
dysfunction

Noise sensitivity

Road

Kim et al. (2017) – even at low noise
levels causing increased cortisol
production.

Non-Hodgkin
Lymphoma (NHL)

Noise level

Road

High Blood Pressure
(HBP) or Hypertension

pre-existing conditions of
hypertension in both
genders

Road

Sørensen et al. (2015) - traffic noise
exposure levels above 65dB
(significantly increased the risk for Bcell lymphoma and non-specific
lymphoma)
Zeeb et al. (2017); Sørensen, (2017)

Rail

Sørensen, (2017)

Aircraft

Sørensen, (2017)

Cognitive impairment
and psychological stress
including depression
and anxiety
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High Blood Pressure
(HBP) in Children

High(er) noise levels

Road

Diabetes

pre-existing conditions of
diabetes

Road
Aircraft
Rail
Road

Obesity

Proximity to busy road
High noise levels
Noise sensitivity

Road

pre-existing cases of
obesity

Combined sources

Cardiovascular
incidence

Noise level from a given
source

Road, rail
and
aircraft
Road

Belojevic et al. (2015) - increase in
systolic and diastolic blood pressure
for every 10dB of sound in 8 to 14
year olds.
Sørensen, (2017)

Heidemann et al. (2014)
Oftedal et al., (2015) – only women
who are highly sensitive to noise.
Christensen et al. (2015); Sørensen,
(2017); Zeeb et al., (2017) - which
corresponds with analysis of preexisting cardiovascular conditions
Pyko et al. (2015)

Azuma and Uchiyama, (2017) – no
association identified for rail or
aircraft.

Mediating Variables (Mediators)
Outcome
Cardio-metabolic
incidence
Myocardial infarction
(MI) (Heart Attack)

Potential Mediator
Air pollution

Source (s)
Road

References
Cai et al., (2017) – combined effect.

Air pollution

Road

Increased risk of Heart
Failure

Long-term exposure to air
pollution and road traffic
noise

Road

Ischemic stroke

Air pollution

Road

High Blood Pressure

Long-term exposure
Not mediated by Length of
Habitation
Long-term exposure
Combined effect of road
noise and air pollution

Road
Road

Roswall et al., (2015) – no
association for railway noise.
Combined effect of both pollutants
correlating with higher risk factors.
Sørensen, (2017) – combined effect
with the strongest correlation
occurring when both air pollution
and noise exposure was high.
Sørensen et al., (2014), Beelen et
al. (2009) – combined effect.
Paunovic et al. (2014)
Babisch et al. (2014)

Colorectal cancer

Chronic long-term exposure

Road

Type-2 Diabetes

Sleep disturbance

Road

Obesity

Physical lethargy
Physical lethargy

Road

Duration of exposure

Road

Respiratory conditions

80

Aircraft
Road

Dimakopoulou, et al. (2017)
Franklin and Fruin (2017) - reduced
lung function in children
exacerbating the effect of air
pollution.
Roswall et al., (2017b) - railway
noise showed no correlation.
Clark et al., (2017) - causing glucose
metabolic dysfunction and appetite
deregulation.
Roswall et al., (2017);
Roswall et al., (2017); Forouhi and
Wareham, (2010)
Nicole,(2016)
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Cognitive impairment
and psychological stress
including depression
and anxiety

Long term exposure
Length of habitation

Aircraft
Aircraft

Eriksson et al., (2014)
Beutel et al., (2016)

Habituation

Road

Air pollution

Road

Seidler et al. (2017) – habituation
likely to occur in relation to
continuous sounds, such as that
associated with sources from road
traffic, as opposed to irregular
environmental noise from aircraft
and railway sources.
Tzivian et al., (2016) - combined
negative effect of both pollutants
on cognitive function.

Confounding Variables (Confounders)
Table 4: Confounding Variables (Confounders)
Outcome
Potential Confounder
Sleep Disturbance

Myocardial infarction
(MI) (Heart Attack)
Ischemic heart disease

Source (s)

Negative perceptions of a
noise source
Gender

Aircraft

Gender

Aircraft

Gender

Road and
Aircraft

Road

Age

Increased risk for Heart
Failure
Diabetes related
mortality

Gender

Road

Age

Road

Obesity

Gender

Road
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Reference
Elmenhorst et al., (2016)
Frei et al., (2014) - objective
measurements of sleep
disturbance stronger for males
than females.
Evrard et al., (2016) – male. No
significant correlation in females.
Vienneau et al., (2015) - males
only. Small number of studies.
Results only suggestive.
Age – persons over 65 - small
number of studies. Results only
suggestive.
Sørensen, (2017) – male. No
significant correlation in females.
Tobías et al., (2015) - for
populations > 65 years, for every
1dB increase in night-time road
traffic noise, the risk for diabetes
related mortality rose by 9.4%.
Oftedal et al., (2015) – women only women who were highly
sensitive to noise.

