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Preface

This book raises awareness about noise pollution and its negative impact on the
overall quality of life, especially in urban areas. Noise pollution, when compared
to other environmental pollutions, is often neglected. A possible reason for this lies
in its accumulating character, that is, the negative consequences of noise exposure
only appear after long-term exposure.

Each chapter in this book draws attention to a specific concern, analyzing it and
offering possible solutions.

Chapter 1 serves as an introduction to noise pollution, its negative impact, and two
possible approaches to dealing with it: noise barriers and the soundscape concept.
It critically analyzes each of these options and presents both pros and cons.

Chapter 2 deals with the challenges of environmental noise policies and governance,
noise emissions, noise transmission modeling, and health and economic risk assess-
ment in developing countries (e.g., Asia, Africa, and Latin America). Although appro-
priate legislation and laws are developed and provided, their enforcement is rarely
implemented. Therefore, the chapter provides guidelines for a strategic framework to
overcome these challenges and enable countries to attain sustainable environmental
noise management.

Chapter 3 summarizes the methodological aspects of monitoring industrial and
transport noise, including the main physical characteristics, features of sources,
measuring instruments, features of hygienic regulation of industrial and transport
noise, and means and methods of protection against it.

Chapter 4 presents a case study evaluating the acoustic performance of a tree barrier.
Green noise barriers are becoming a propulsive acoustic instrument for noise reduction.
Today, they must satisfy both aesthetic and noise reduction requirements. In addition
to noise reduction, it has been proven that green barriers increase the quality of air

in urban areas.

Chapter 5 studies infrasonic (< 20 Hz) noise exposure in a residential area in the
vicinity of wind power plants. Infrasound by its definition should be inaudible
to humans, however, studies have shown that the highest peaks of the wind tur-
bine acoustic signature (up to 25 dB over background noise at 0.5-5 Hz) appears
to trigger severe biological reactions. Therefore, the chapter suggests a new
methodology.



We hope that this book will give readers new insight into the problems of noise
pollution today as well as provide new ideas for possible methods to reduce noise
levels and therefore improve the overall quality of life, especially for those residing
in cities and urban areas.

Mia Subanek

Faculty of Electrical Engineering and Computing,
University of Zagreb,

Zagreb, Croatia

XVI



Chapter1

Introductory Chapter: Management
of Noise Pollution

Mia Suhanek

1. Introduction

Noise is defined as any disturbing or unwanted sound that influences or
deteriorates human or wildlife [1]. Although noise constantly surrounds us, noise
pollution generally receives less attention than other environmental pollutants (e.g.,
water pollution, soil pollution, air pollution, etc.) [2]. This can be explained with the
fact that noise exposure has an accumulating character which means that the negative
impact of noise can be detected after a long period of time. Long exposure to noise
pollution can cause bad mood, fatigue, insomnia, headache, loss of concentration,
reduced work ability and finally the worst possible case-scenario permanent hear-
ing impairment [3-5]. In addition, recent research studies unfortunately show that
environmental noise has an impact on several cardiovascular (e.g., increased blood
pressure) and metabolic effects, cognitive impairment among children, annoyance,
stress-related mental health risks and tinnitus [6-8].

When discussing noise in general, one also needs to keep in mind that a certain
sound perceived as desired or wanted by one person can be perceived as noise for
someone else. This can be a devious task when analysing noise and implementing
solutions for noise reduction.

Human ear can hear a relatively large ratio of the effective maximum and mini-
mum values of the sound pressure which are expressed then in decibels (dB). Sound
level is expressed in decibels in relation to the reference sound pressure level (Pa)
which corresponds to the threshold of audibility of the average person at 1 kHz
(Figure1) [9].

In addition, noise can be described with noise perception parameters such as loud-
ness (son), sharpness (acum), roughness (asper), fluctuation strength (vacil) and
psychoacoustic annoyance (son) [10].

When dealing with the management of noise pollution, i.e., reduction of noise
pollution, it has been proven that an interdisciplinary approach is required. From
acoustical point of view, a traditional approach to reduction of noise pollution is noise
barriers, while a more modern and propulsive approach is the soundscape concept.

Noise barrier is a sound “obstacle” between the sound source and the observer.
Noise barrier efficiency depends principally on their design, i.e., favourable noise bar-
riers have a diffuse element on the top (e.g., circular, Y- or T-shaped). Most important
parameters which are used to describe the noise barriers are insertion loss (IL),
transmission losses (TL) and barrier absorption coefficient. Usually, noise barriers
can be divided into several types: Ground-mounted noise barriers (made from natural
earth materials), structure-mounted noise barriers and the combination of the first
two [11].
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Source Intensity | Intensity level
Threshold of hearing (TOH) 10-12 0dB
Whisper 10-10 20 dB
Pianissimo 108 40 dB
Normal conversation 106 60 dB
Fortissimo 102 100 dB
Threshold of pain 10 130 dB

Jet take-off 102 140 dB
Instant perforation of eardrum 104 160 dB

Figure 1.
Examples of different noise levels (from Miiller, FMP, Springer 2015).

Soundacape classificalion

Examples: The beautiful soundscapes of Croatia

Figure 2.
Soundscape classification (example: Croatia).

When considering certain limitations of noise barriers in general, noise barriers
can best serve as a solution if they are planned before the actual building (which is
today a quite rare case-scenario). In addition, when incorporating a noise barrier
into an existing urban environment, researchers should take into account the “visual
pleasantness” and economic feasibility of the noise barrier [12, 13].

As previously mentioned, a more modern approach to noise management would
be the soundscape concept. The soundscape concept modifies and complements
the assessment of noise and its effects on humans [14]. Soundscape includes all the

2
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sounds from a certain acoustic environment received by human ear. These sounds
can be divided into three major groups: biophony, geophony and anthrophony [14].
Soundscapes can be classified. The most common classification is the one with
respect to the related environment, i.e., we can differentiate: natural soundscapes

Sound Professionals
MS-TFB-2
in-ear binaural mics

Figure 3.
Typical equipment for the soundwalk method.

BAD MOOD,
FATIBUE,
INSOMNIA,
HEADACHE

AVOIDING
LONG
EXPOSURE
TO NOISE

REDUCING NOISE
POLLUTION

Figure 4.
Mind map of noise pollution management.
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(e.g., marine, forest soundscape, etc.), rural soundscapes and urban soundscapes
(Figure 2) [14].

Soundscapes are usually recorded using the soundwalk method which was intro-
duced by an urban planner Kevin Lynch. The usual recording of a soundscape has
the duration of 30 min. Recording takes place several times a day, for several days,
however, always at a nice and dry weather. The soundwalk method uses a recorder,
and a pair of binaural microphones places in the ears of the person who is performing
the soundwalks, i.e., soundwalker (Figure 3) [15, 16].

Soundscapes are analysed in most cases using several types of questionnaires
which are fulfilled by listeners or participants in studies. Possible questionnaire
designs can include direct questions to listeners about the soundscape, requirements
for a more detailed descriptions of the soundscape and attributes that may or may not
be related to mathematical scales and adjective pairs [17-20].

Nowadays soundscape studies are oriented toward human health, well-being and
overall quality of life [21-24].

Bearing in mind everything written, it can be concluded that noise pollution
and its management is a very complex problem which needs an interdisciplinary
approach. Experts such as urban planners, architects, doctors, biologists, psycholo-
gists as well as acoustic engineers should all collaborate and benefit from each other’s
work with a common cause to improve the overall quality of life. By working together,
it is achievable to manage and reduce noise pollution and moreover recuperate the
human health and well-being of the residents, especially the ones living and working
in urban areas (Figure 4).
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Chapter 2

Guidelines for Environmental
Noise Management in Developing
Countries

Dietrich Schwela

Abstract

This chapter describes the challenges of environmental noise policies and
governance, noise emissions, noise transmission modeling, and those of health and
economic risk assessment in developing countries. It bases on an analysis of current
legislation regarding noise pollution in major developing countries in Asia, Africa, and
Latin America. Although legislators are engaged in promulgating laws and regulations
explicit procedures for noise measurement, noise mapping, development of a healthy
and comfortable soundscape, and the implementation and enforcement of legislation
are rarely developed. A strategic framework approach is needed to overcome these
challenges and enable countries to achieve sustainable environmental noise manage-
ment. Guidelines are provided to resolve these tasks to better protect the population of
urban areas against the health end economic impacts of environmental noise.

Keywords: guiding principles, noise policies, governance, information challenges,
health and economic risk assessments

1. Introduction

The World Health Organization (WHO) has considered environmental noise (also
called community noise, domestic noise, or residential noise) in its environmental
health criteria and guideline documents an important problem since the 1970s [1-4].
In the earliest document of 1980 noise is explicitly ‘considered to be any unwanted
sound that may adversely affect the health and wellbeing of individuals or
populations,” and the later documents do not redefine the term. This definition is
often incorrectly quoted as ‘noise is unwanted sound’, see for example [5, 6]. The
WHO Guidelines for Community Noise define environmental noise as noise emitted
from all sources, except noise at the industrial workplace [2].

Exposure to environmental noise has several impacts on human health and the
environment, which have social and economic implications. These include [4, 7]:

¢ Cardiovascular diseases

* Increases in cardiovascular symptoms (e.g. blood pressure)
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* Hearing impairment
* Cognitive effects

* Speech interference
* Sleep disturbance

* Performance deficits
* Annoyance

* Tinnitus

* Mental health effects.

The extent of the environmental noise problem is large [8]. In the European Union
(EU) an estimated 113 million people are exposed to long-term day-evening-night
traffic noise levels of at least 55 dB(A). 22 million people are exposed to high levels of
railway noise, and 4 million to high levels of aircraft noise. Long-term exposure to
environmental noise is estimated to cause 12,000 premature deaths and contribute to
48,000 new cases of ischaemic heart disease per year. 22 million people are estimated
to suffer chronic high annoyance, and 6.5 million people suffer chronic high sleep
disturbance. In 2011, the WHO estimated that the disability-adjusted lost life years
(DALYs) due to environmental noise exposure in EU countries amounted to
60,000 years for ischaemic heart disease, 45,000 years for cognitive impairment of
children, 903,000 years for sleep disturbance, 21,000 years for tinnitus, and
654,000 years for annoyance [9].

In developing countries, urbanization, industrialization, and vehicle fleet growth
have increased noise emissions and imissions’ in densely populated areas. Exposure to
environmental noise significantly threatens human health and the quality of life of
millions of people. Cities such as Bangkok [10], Cairo [11], Jakarta [12] and many
others [13] are now having to take action to enhance their institutional and technical
capabilities to estimate and control noise exposure and implement preventive actions
to reduce the risks that noise poses to their citizens [14]. Data reported from 28 cities
of low-and middle-income countries were found to have equivalent sound pressure
levels for daytime hours of 55-91 dB(A) [13]. Night-time equivalent sound pressure
levels ranged between 42 and 80 dB(A). Corresponding noise-induced impacts
included high annoyance, sleep disturbance, and persistent hearing loss [13].

The degree of environmental noise exposure of urban populations is directly
related to the level of society’s development in a country. Societal development results
in an increase in the levels of urbanization, industrialization, and transportation
systems. Without appropriate intervention, environmental noise and the noise impact
on communities will increase. Governments are responsible to promulgate, imple-
ment and enforce strong environmental noise strategies, policies, laws, and regula-
tions, which are suitable to control environmental noise. Failure to do this will make it

1 . PO . . . P . .
The term ‘imission’ is used here instead of the term ‘immission’ (used in the literature and pronounced

‘aimission’) because its pronunciation is more logical to distinguish it from the term ‘emission’.
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impossible to prevent a continuous increase in environmental noise pollution, and
governments will be ineffective in combating it.

Mandatory noise emission and noise imission standards at the national, regional,
and municipal levels are the usual instruments of a governmental ‘Command and
Control” approach. Regulatory standards strongly depend on a country’s risk manage-
ment strategy, its socio-political situation, its technical and instrumental capacities
and capabilities, costs of compliance, and the existence of international agreements
and guidance documents such as those of the WHO. While countries’ mandatory
noise emission and imission standards usually are country-specific, in general, the
following issues are to be considered [2]:

* Identification of the adverse public health impacts and the population to be
protected.

* The indicators for noise imission and their ranges.

* Applicable methodologies for noise monitoring, noise mapping, and noise
transmission modeling.

* Procedures for testing compliance of sound pressure level indicators with noise
mandatory standards.

* Standard operating procedures for control of emissions.
* Mandatory emission standards.

* Identification and implementation of responsible authorities tasked with the
enforcement of regulations.

* Procurement of sufficient funding.

The Command-and-Control approach for emission and imission control at the
national, regional or municipal levels strongly influences the implementation and
enforcement of noise control policies. If regulatory standards are exceeded action
plans to mitigate noise exposure, which address all relevant sources of noise pollution,
must be drafted, implemented and enforced.

In principle, there is a need for a strategic approach (SA) on Environmental Noise
Management (ENM) in developing countries to assist decision-makers and stake-
holders to formulate and implement effective ENM strategies [15].

The Inter-Noise 2007 Workshop on Environmental Noise Management in Devel-
oping Countries observed [15]:

* The importance of an overall strategy. Although a step-by-step programme of
implementation of environmental noise policies is probably the realistic way
forward it should be done in the context of a clear, strategic approach. Most
developing countries lack this.

* The importance of the implementation and enforcement of environmental
noise policies. Quite a few developing countries have promulgated noise policies,
but the implementation and enforcement of them are poor. This is partly the
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result of a lack of political will and partly because of the cost. Because it is
unrealistic to expect implementation and enforcement to rapidly improve a step-
by-step approach would be more realistic.

* The importance of active citizens’ groups. Due to poor understanding of the
impacts of environmental noise among both politicians and the public the effect
on stress levels, health, quality of life etc. — there is little pressure on governments
from citizen groups for action to be taken. Only when these impacts are better
understood will governments be motivated to tackle environmental noise and
will citizens demand that noise be taken seriously. There are citizen groups in a
few developing countries, however, protesting about aircraft noise and about
increasing noise from traffic on existing roads.

* The importance of low-cost solutions. At present tackling environmental noise
is not a political priority for most developing countries. Therefore, it is going to
be particularly difficult to persuade them to put an effective environmental noise
strategy in place if they believe it is going to cost a lot of money. Therefore, low-
cost solutions are important. It also is important to highlight the cost-benefit
advantages of tackling environmental noise, for example, money spent on noise
reduction could result in savings on health costs.

* The importance of not re-inventing research, policy and practice. Developing
countries can use the research that has already been done by some countries such
as the United Kingdom and, more importantly, international organizations such
as the WHO and the International Civil Aviation Organization (ICAO), even
though many of these bodies are basing their recommendations on experience
from developed countries. In fact, developing nations should get involved as they
may bring a new fresh, perspective to their deliberations.

The aim of ENM is to enable government authorities to design policies and
strategies to achieve and maintain a low-noise soundscape and reduce
environmental noise impacts on human health and protect animals against noise
exposure. To implement a low-noise soundscape, governmental authorities, in
collaboration with other stakeholders, must consider the local circumstances with
respect to background noise levels and the available technological and instrumental
capacities and capabilities. In addition, responsible authorities must also account
for extant cultural and social conditions and the financial and human resources
available.

Several factors determine an effective ENM strategy. These include the knowledge
of relevant environmental noise sources, the application of models for noise trans-
mission and noise mapping, and procedures for the assessment of noise exposure and
its related health and environmental impacts. The promulgation, implementation, and
enforcement of emission standards and health-based imission standards are also
needed as well as a range of cost-effective noise exposure control measures. Respon-
sible authorities must be empowered to implement and enforce control measures. A
simplified cycle of ENM is depicted in Figure 1 [16, 17].

There are a lot of different stakeholders involved in ENM. These include politi-
cians, political advisors, technology officials, policy analysts, communities,
researchers, interest groups, and acoustic professionals. The interaction of these
players with the policy stages involved in ENM is shown in Figure 2.
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Noise | — l Noise
source mitigation Costs
Infrastructure Noise
Transmission and behavioural management
changes strategy
Noise Health Benefits
exposure effects
|

Figure 1.
A simplified cycle for environmental noise management. Source: Schwela ¢ Finegold 2009 [16], Haq ¢ Schwela
2012 [17].

Policy stages Policy player groups

¥ 1. Agenda setting ] " Politicians, political advisors, technology officials, )

(noise problem identification) policy analysts, community, researchers, interest
L groups, acoustic professionals. y

4 .
2. Problem analysis Technology officials, acoustic professionals,
(noise impact assessment) researchers, community, interest groups.

+

a 3. Policy formulation " Politicians, political advisors, technology officials, )
(m.ar'se cgntroi options) policy analysts, community, researchers, interest
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.

.
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gas { (de cis?énpg:;cr!: o?.g : '::g:} ation )}— Politicians, political advisors.
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. .g’ - - -,
=2 5. Implementation Technology officials, acoustic professionals,
E > (operation of noise regulation) community, interest groups.
. Y o
e

4 )
{ 6. Policy evaluation Technology officials, political analysts, researchers,
(e )

valuation of noise regulation, acoustic professionals, community, interest groups.
.

Figure 2.
Interaction between policy stages and involved stakeholders. Source: Adapted from Hede [17, 18].

A SA on ENM in developing countries systematically encompasses the most
important components of comprehensive ENM. It is a flexible, rational, and broad
high-level approach that is adaptable to the needs of different countries and cities. It

11



Management of Noise Pollution

helps guide national and local governmental authorities and other stakeholders who
have a role to play in ENM. Governmental authorities in collaboration with relevant
stakeholders can formulate and implement ENM strategies and programmes to pre-
vent further deterioration of sound pressure levels. Stakeholders include the judiciary,
the private sector, civil society including non-governmental organizations, the media,
academia, development agencies and financial institutions.

This chapter does not develop such a SA but outlines guidelines to develop a SA
and, by its realization, implementation and enforcement help reduce the health
impacts of different types of environmental noise such as noise from road traffic,
railways, airports and low-flying aircraft, industries, residences, leisure facilities,
shooting ranges, outdoor appliances and ships in or close to ports.

2. Problem description

Guiding principles related to ENM aim to ensure the protection of human health
from environmental noise. ENM should first be based on the polluter pays principle,
the precautionary principle, the prevention principle, and the principle of

Access to Environmental Information: all
stakeholders should have access to information
regarding Noise

Awareness: Provision of information to all
stakeholders

Best practice: application of state of the
technology

Co-benefits: consideration of the benefits of
integrated ENM, air pollution management
including greenhouse gas reduction

Coherence: orientation of the efforts of all
stakeholders including different neighboring
jurisdictions towards a common objective.
Concerted effort: discussion and cooperation
among all stakeholders involved

Compatibility: development of ENM compatible
with regional, national and local needs
Continual Improvement: to promote the
continual improvement of ENM as well as the
reduction of noise itself

Cost-effectiveness: ENM measured at least cost
and highest effectiveness

Decentralization: implementation of
decentralized ENM with regional, national, and
local components with due consideration to local
capacity

Equity: fair and equal protection of all people
from noise exposure and consideration of
individual vulnerability

Integrated approach: development of integrated
ENM (prevention, monitoring of adverse
impacts, control of sources and education)
Opportunity: sound solutions to noise problems
at the suitable moment

Participation: active participation of the
population in the development and
implementation of the plans to minimize noise
pollution and prevent the increase of noise levels
Polluter Pays Principle: individuals responsible
for noise pollution should bear the cost of its
consequential impacts

Precautionary Principle: where there are threats
of serious or irreversible health damage, lack of
full scientific certainty should not be used as a
reason for postponing cost-effective measures to
prevent higher noise levels

Prevention principle: action should be taken
where possible to reduce noise at the source
Stakeholder: Commitment of all stakeholders to
noise management

Sustainability: development of economically and
socially compatible ENM which is sustainable
over the long term and future generations
Stepwise approach: ENM follows a target and
milestone approach

Universality: comprehensive ENM including
human health

Box 1.
The guiding principles of ENM.
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participation of all stakeholders, including the population [2, 19]. The principle of
participation requires the commitment of all stakeholders to ENM, their access to
information regarding environmental noise, the raising of stakeholder awareness,
equity with respect to the protection of the public against noise exposure, and the
orientation of all stakeholders towards a common objective (coherence) in a concerted
effort. Secondly, any ENM approach should be integrated with the more general
efforts of environmental protection against all kinds of pollution to fully exploit the
benefits of integrated solutions. Thirdly, an ENM approach should develop sound
solutions that are compatible with national, regional, and local needs and, conse-
quently, can be implemented in a decentralized way with due consideration of local
capacities at least costs and highest efficiency. Fourthly, as developing countries
always suffer from lack of appropriate funds, ENM is to follow a stepwise approach by
setting achievable targets and milestones. Finally, ENM should be sustainable in the
sense used by the WSSD report [20] and comprehensive with respect to public health
protection.

However, in developing countries economic, institutional, and political constraints
may hamper the full implementation of these principles.

The guiding principles are defined and summarized in Box 1 [19].

3. Challenges in developing countries and guidelines for overcoming them

Challenges with respect to ENM exist in the fields of [13, 15-17, 21-24].

* Environmental noise policies.

* Environmental noise governance.

* Information on environmental noise emissions.

* Environmental noise modeling.

* Environmental noise monitoring.

* Health and economic risk assessments.

* Financing environmental noise management.

The following procedures to help governmental authorities in collaboration with
other stakeholders to overcome these types of challenges are specified in Sections
3.1-3.6 [17, 20]:

* Identify:

o Appropriate policies on environmental noise.
o Relevant legislative and regulatory requirements.

o Important sources of environmental noise caused by human activities.

13
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* Set:
o Appropriate objectives and targets for human (and animal) health.
o Priorities and milestones for achieving objectives and targets.

* Establish:
o Policies, strategies, laws, and regulations on environmental noise.

o A structure and programmes to implement policies and achieve objectives
and targets.

* Facilitate:
o The modeling of environmental noise.
o The estimation of effects on human health (and animals).
o Urban planning, corrective action, and the prevention of adverse effects.
* Ensure compliance with emission and noise standards.
* Account for changing circumstances.
In addition, the barriers stated above can be overcome by:
* Gaining:
o Ministerial support in developing countries for a rational ENM.

o Support from international agencies, especially regarding technical and
financial means needed.

* Undertaking cost-benefit analyses and health impact studies.

3.1 Challenges in developing countries in the field of environmental noise policies
and guidelines to overcome them

Environmental noise policies aim at including and/or strengthening the concept of
environmental noise, human (and animal) health in policies, legislation and its har-
monization, implementation, and enforcement in the development of developing
countries and countries in transition. As Figure 1 and the discussion above show,
several factors determine an effective and rational ENM strategy. These include noise
monitoring networks, models for the transmission of sound pressure levels, noise
mapping, assessments of human exposure and impacts, and the promulgation of
emission standards and imission health-based standards. In addition, several cost-
effective noise exposure control measures are necessary, together with the legislative
powers and human and financial resources to implement and enforce them.
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The following ‘challenges’ to achieve this aim have been reported in the context of

environmental laws and politics which also analogously apply to noise legislation
[17, 25, 26]:

15

Low government commitment to ENM policies, their implementation and
enforcement. A recent report from Kenya states that the Environmental
Management and Coordination Act ‘has been unable to ensure that the country
fully addresses present-day environmental challenges’ [27]. Similarly, a report on
Nigeria’s environmental governance framework has identified that it is
‘ineffective in dealing with the country’s environmental challenges’ [28].

Limited

o coordination and integration of ENM policies with other sectoral policies
and plans [29, 30].

o collaboration of different responsible agencies [25].

o institutional capacity to implement and enforce ENM legislation and
policies [31].

o control of corruption [32].

Absence of risk-based approaches, which form a part of ENM policies and
legislation [33].

Limited appropriate review mechanisms to evaluate policies for noise mitigation
measures [34].

Absence of soundscape policies to judge exposure to a combination of noises from
different sources [35].

Lack of:

o Criteria for guidelines/standards for compliance testing [31, 36].

o Stakeholder participation (particularly of industry, manufacturers, urban
planners, transport planners, transport associations, the informal sector,
health communities, enforcement institutions and financial institutions) to
formulate and implement ENM policies [25, 27].

o A detailed cost-benefit analysis of policy measures [2].

o Monitoring and modeling environmental noise levels [30].

o Assessment of impact on human health and environment due to noise
exposure [30].

o Reports on sound pressure levels and their impacts in a transparent
way [30].
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o Information sharing to the public on the effects of environmental noise,
raising awareness and promoting participation and engagement [30, 37].

* Use of obsolete emission and imission standards [30].

‘Guidelines’ for overcoming the main challenges of environmental noise policies
include [16, 19]:

* The adverse impacts of environmental noise pollution on health and the
environment can be mitigated, once ENM is acknowledged as an objective for
sustainable development and made an integral part of the overall policy
framework and is considered in specific policies such as land use planning,
energy, transport, and industrial development.

* In emission and imission standard setting, social equity and fairness to all
stakeholders involved (e.g. industry, local authorities, non-governmental
organizations, media and the public) can be ensured if a participatory approach is
followed - as far as possible and meaningful.

* In setting exposure standards and averaging times, the globally applicable WHO
Guidelines for Community Noise [2], the WHO Night Noise Guidelines for Europe
[3] and the WHO Environmental Noise Guidelines for the European Region [4] may
be used.

* For the assessment of adverse health impacts due to environmental noise
exposure in developing countries the WHO/EURO Burden of Disease from
Environmental Noise [9] may give useful advice.

* Promote the inclusion of environmental noise in Environmental Impact
Assessments for planned projects.

3.2 Challenges in developing countries in the field of environmental noise
governance and guidelines to overcome them

The objective of environmental noise governance is to facilitate law implementa-
tion and enforcement and inform, educate, train and strengthen stakeholder partici-
pation in all aspects related to environmental noise and the prevention and reduction
of environmental noise exposures and the corresponding health and environmental
impacts. To achieve this objective, governmental authorities can implement the indi-
vidual issues of this process in collaboration with other stakeholders. As indicated
above, local circumstances with respect to background noise levels and cultural and
social conditions must be considered. The estimation of the costs and benefits of ENM
as well as the provision of human and financial resources are indispensable ingredients
of good governance.

In developing countries ‘challenges’ to achieve this include:

* Conflicts through duplicated responsibilities [17].

* Introduction of inappropriate technical equipment and ignorance of its
usability [38].
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* Prevalence of ad hoc awareness raising with a focus on raising alarm [39].
* Poor information on how the public can contribute towards effective ENM [34].
* High cost of awareness-raising programmes [33].

* Design and implementation of sustainable ENM strategies are often based on
incomplete knowledge [28, 40].

* Insufficiency of adequate communication strategies among stakeholders [33].

* Inadequate regulatory, planning, technical, social, institutional, and financial
capacity for ENM [30].

‘Guidelines’ for overcoming the main challenges of environmental noise gover-
nance include [16, 19]:

* A rapid assessment of the most important sources.
* Estimation of environmental noise exposure for all the noise-sensitive areas.

» Comparison of estimated environmental noise levels with environmental noise
standards.

* Identify training and capacity-enhancing needs for all stakeholders and
encourage, support and promote capacity-enhancement programmes

* If capacity for public information exists it can be used to inform the public and
other stakeholders on a regular basis of the importance of noise and ENM
strategies and the role that the public can play in reducing emissions. If capacity
for communication among stakeholders does not exist, it needs to be developed.

* A focus on ‘Champions in ENM’ (e.g., well-known identities and celebrities) to
convey noise information, increases awareness in different public groups, and
keep ENM issues high on the interest list is a very useful way to disseminate ENM
information.

3.3 Challenges in developing countries in the field of information on
environmental noise emissions and guidelines for overcoming them

At-source measures that reduce overall emissions are preferable to noise exposure
measures. For example, for road transport reduction of sound pressure levels of the
engines and tyres, traffic management and transport demand management measures
are options for reducing emissions at source. For aircraft transport reducing emissions
at sources is a major pillar of the Balanced Approach of the International Civil Avia-
tion Organization [41].

This section aims to include and/or strengthen enforceable, affordable, sustainable,
and highly effective measures to assess and find solutions to reduce sound emissions
and, consequently reduce public exposure to adverse sound pressure levels.

The ‘challenges’ to achieving this objective include [17]:
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e Lack of [42, 43]:
o Emission inventories and quality-assured emission data.
o Periodical update of emissions standards.
o Regional harmonization of emissions standards.
o Low-cost and effective alternative technologies.

* Short-term and ad hoc measures to reduce noise emissions usually fail to
adequately address the overall challenge.

* The use of end-of-pipe solutions is not in accord with the ‘precautionary’ and
‘prevention’ principles.

* Best available control technologies are not or not consequently applied.
* Use of ineffective measures to reduce noise pollution.
* Insufficient application of the ‘polluters pay’ principle.

* Poor dissemination and exchange of good practices and lessons learnt (positive
and negative).

‘Guidelines’ for overcoming main challenges of environmental noise emissions
include [16, 19]:

* Replacement of short-term ad-hoc actions by medium- and long-term strategies
for emission prevention and reductions will define a better way to address noise

problems in developing countries and further development of these countries.

* Prevention of pollution by alternative technologies is always less expensive than a
posteriori reduction of sound emissions, including the costs of health effects.

* Positive and negative lessons learnt from experiences in other countries/cities
may help to rapidly find best practices and optimal solutions.

» Compilation of a (rapid) inventory of noise sources and their sound emissions is a
good starting point for sound propagation estimations. A noise source inventory
includes sound emissions from:

o On-road and off-road motor vehicles.
o Railways.

o Airports and low-flying aircraft (i.e. close to airports).

o Ships in or close to ports.
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o Industries.

o Leisure facilities.

o Shooting ranges.

o Outdoor appliances.

o Residences.

* A periodical update (numerical reduction) of emissions standards for emitting

sources and the implementation of the new standards warrants reduction in noise
emissions and noise exposures. However, an emissions reduction can be traded

off for an increase in the number of emitting sources (e.g. vehicles).

* Emissions standards should be regionally harmonized. Regional harmonization
will support equity and help avoid the import of noisy and obsolete technology.

* Low-cost and low-noise technologies will accelerate the development of
countries.

* Sound emissions from mobile sources can be reduced through a combination of
measures:

o Tighter emission standards and their enforcement.
o Low-sound vehicle technology.

o Inspection programmes.

o Establishment of maintenance programmes.

o Improved integrated land use, traffic planning and demand management on
a regional scale.

o Public transport and non-motorized transport.
o Economic incentives/taxation.

* Emissions from stationary sources can be reduced through a combination of
measures:

o Tighter emission standards.
o Emission control technologies and low-noise production.
o Land use planning, zoning, and economic restructuring.

o Enhancing enforcement.
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o Find innovative alternatives to further reduce emissions.
o Economic incentives/taxation.

3.4 Challenges in developing countries in the field of environmental noise
modeling, mapping, and monitoring and guidelines to overcome them

Environmental noise modeling has the objective to estimate national and local
equivalent noise sound pressure levels in terms of Lgg, L19, Lmax> Lmin and Leq. The
result of noise modeling may be used for the development of two-dimensional (2D)
and three-dimensional (3D) noise maps which provide information on noise exposure
of people [44, 45]. Noise monitoring is used to assess critical sound pressure levels in
residential, commercial, and industrial areas under different environmental condi-
tions. In addition, noise monitoring can serve to validate and/or verify noise modeling
predictions, and to establish and/or strengthen national and local sound pressure level
monitoring programmes [46-51].

In developing countries, the ‘challenges’ for noise modeling and mapping are the
lack of [13, 52, 53]:

* Quality-assured emission data.
* Suitable sound propagation models.
* Regional harmonization of propagation models.

* Quality-assured topographical and meteorological input data for more advanced
models.

For noise monitoring, the challenges for developing countries include:
» Absence of [54]:

o Coverage and/or limited coverage of outdoor sound pressure level
monitoring systems.

o Periodic review of sound pressure level monitoring issues.

* Limited existence of baseline data; poor quality data; lack of standard operating
procedures for monitoring; poor quality control and assurance; deficiencies in the
maintenance of monitoring systems; lack of monitoring of sound pressure levels
in urban and peri-urban areas [55, 56].

* Insufficient representativity of monitoring sites for actual exposure of
humans [57].

‘Guidelines’ for overcoming main challenges of environmental noise modeling,
mapping, and monitoring include [16, 19]:

* Sound propagation models are useful to determine the extent and spatial
coverage of noise from different sources. Propagation models can provide
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estimates of sound pressure levels from transportation, ports and airports,
railways, and industrial plants.

* Sound pressure level monitoring mainly serves to validate the results of models

and may be useful to test compliance with noise imission standards. The results of
monitoring can provide feedback for continuous process of decreasing noise
levels by lowering the standard values. Monitoring can also serve to better
establish associations between environmental noise exposure and health impacts.

* Monitoring is usually performed at those places where people live. Hotspot

monitoring may be useful for assessing exposure at locations of high noise
exposure, near sources.

* Quality assurance and quality control (QA/QC) are necessary conditions to

obtain reliable data (i.e. data of at least ‘known quality’) from a sound pressure
level monitoring programme. The development of QA/QC programmes and
implementation and strict obeyance of QA/QC plans to ensure that information
from sound pressure level monitoring data provides a reliable basis for policy
making.

* Publications on QA/QC in noise monitoring exist, which could be helpful to set

up QA/QC plans and obtain data of known quality [58-60].

3.5 Challenges in developing countries in the field of health and economic risk

assessments and guidelines for overcoming them

Little data exist on the human health impacts of urban noise pollution in develop-

ing countries [61]. Communities have little knowledge of impacts of noise exposure
on human health, which is demonstrated by their ignorance of this threat [62]. The
objective of this section is to establish and/or strengthen national and local
programmes which monitor the health and economic impacts of environmental noise
exposure in a harmonized way.
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‘Challenges’ to achieving this objective include [63-67]:

* Lack of long-term studies on health due to environmental noise exposure.

* Scarcity of studies on economic impacts due to environmental noise

exposure [68, 69].

* Scarcity of short-term studies on health due to environmental noise

exposure [13, 35].

* Low public awareness [70-72].

* Poor information and assessment of health and economic impacts of

environmental noise exposure [73].

* Low quality of evidence on noise exposure impacts [74].

* Insufficient institutional capability [75].
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‘Guidelines’ for overcoming main challenges of health and economic risk
assessments include [16, 19]:

* To protect public health and minimize the economic risk of environmental noise
exposure, national and local institutions such as information and training centres
should be established or strengthened, which can evaluate the health and
economic impacts of environmental noise exposure.

* Cost-benefit analysis is based on reliable information on the health and
environmental impacts due to environmental noise exposure. A standardized
calculation of the social costs of noise exposure on human health is needed to
achieve this goal. The assessment of economic and financial impacts of
environmental noise exposure on human health will determine the economic
costs of environmental noise exposure on society and different stakeholders. A
cost-benefit analysis demonstrates the advantages of mitigating environmental
noise exposure.

* It is advantageous to train and educate administrative staff and
general professionals on the topic of environmental noise-induced health
effects.

3.6 Challenges in developing countries in the field of financing of ENM and
guidelines for overcoming them

Funds are required to:
* Update and upgrade existing laws and regulations.

* Strengthen governmental institutions to implement and enforce mandatory
emission and imission standards.

* Enhance capacities and capabilities for assessing source sound pressure
emissions.

* Raise awareness of all relevant stakeholders.
* Promote participation and engagement of stakeholders including the public.

* Assess data of known quality of noise exposure by means of monitoring and
modeling sound pressure levels.

* Produce noise maps.
* Test compliance with imission standards.
* Assess noise impacts on health and economic costs.

* If imission standards are not met, develop emission control measures,
implement, and enforce them.
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This section discusses challenges and provides guidelines to establish mechanisms
for financial sustainability in regional, national, and local noise, health programmes
including financing from the private sector and other sectors.

Challenges’ in developing countries include [17]:

* Environmental noise pollution currently is considered an issue of low priority
and, therefore, underfunded.

* Eventually, existing resources are inefficiently used.
* There is a lack of:

o Good governance regarding financing with a high level of accountability and
transparency.

o Sufficient funding for institutional capacity enhancement.

o Knowledge of opportunities in applying existing market mechanisms.

o Co-operation and coordination among funding agencies.

o Implementation and enforcement of the ‘polluter pays principle’.
‘Guidelines’ for overcoming main challenges of financing of ENM include [16, 19]:

* Raising awareness among decision-makers on the need for financing ENM and
the monitoring of noise-induced impact on health is crucial.

* Governments could share information on ENM and give incentives to the private
sector to participate in ENM according to the polluter pays principle.

* Economic, financial, and cost efficiency/benefit analyses for ENM including
health programmes would constitute a clear procedure to limit expenditures for
public health impacts.

* International aid agencies could be helpful in capacity enhancement to reduce
noise exposure as an impediment to development. These agencies and regional
and national funding institutions could provide incentives for ENM.

* To maximize synergies, it would be useful to coordinate funding among
governmental agencies.

4, Conclusions

Environmental noise pollution is growing in developing countries because of an
increase in the levels of urbanization, industrialization, and transportation systems.
The degree of environmental noise exposure of urban populations is directly related to
the level of society’s development. Environmental noise and the noise impact on
communities will increase if appropriate interventions are not considered. It is the
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responsibility of Governments to promulgate, implement and enforce strong envi-
ronmental noise strategies, policies, laws, and regulations, which are suitable to con-
trol of environmental noise. If Governments fail to do so, it will be impossible to
prevent a continuous increase in environmental noise pollution, and they will be
ineffective to develop an environmental noise management system. The aim of envi-
ronmental noise management is to maintain low-noise soundscapes that protect
human and animal health.

This chapter reviews the challenges in developing countries with respect to envi-
ronmental noise policies, governance, noise emission, noise modeling, mapping, and
monitoring, the assessment of health and economic risks, and the mechanisms for
financing environmental noise management. Guidelines are presented to create a
strategic approach for environmental noise management suitable for developing
countries that will help overcome these challenges.
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Chapter 3

Methodological Aspects of
Industrial and Transport Noise
Monitoring

Sergey Dragan and Aleksey Bogomolov

Abstract

The chapter outlines the methodological aspects of monitoring industrial and
transport noise, including the main physical characteristics, features of sources, mea-
suring instruments, features of hygienic regulation of industrial and transport noise,
means and methods of protection against it. It is shown that industrial facilities and
most modes of transport are sources of high-intensity noise, the spectrum of which is
dominated by frequencies of the low-frequency infrasonic range. The close physical
nature of these ranges contributes to the propagation of such noise with low attenua-
tion, and they have good penetrating power, so most noise protection devices are
ineffective. This requires careful medical supervision of persons working in such
conditions, improvement of means and methods of protection against industrial and
transport noise.

Keywords: transport noise monitoring, industrial noise monitoring, low-frequency
noise, infrasound, hygienic noise regulation, noise protection

1. Introduction

In accordance with modern concepts, noise and infrasound are classified as harm-
ful and dangerous physical factors, the impact of which causes a decrease in efficiency
and reliability of activity, and a long or short cumulative effect causes the develop-
ment of a number of diseases [1-3].

To date, a large amount of data has been accumulated on the adverse effects of
noise on humans. The nature of this influence depends on the sound level, the dura-
tion of exposure and the spectral composition of the noise [4-6]. The hearing organ is
the critical organ of the body when exposed to noise. It is generally accepted that the
most harmful effect on the organ of hearing is provided by noise, the spectrum of
which is dominated by high frequencies of the sound range (from 1 to 8 kHz). In the
clinical picture, along with hearing impairment, pathology of the cardiovascular and
nervous systems is often found, which made it possible to form the concept of “noise
disease” [7].

The physical characteristics of infrasound are well studied by acousticians, how-
ever, hygienists and occupational pathologists have long been limited in their research
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by the lack of reliable and affordable measuring equipment. Therefore, the history of
the study of infrasound as a factor in the environment and production environment is
relatively short. The first publications devoted to the action of infrasound appeared in
the period 1970-1980. During this period, reports appeared in the scientific literature
about the high biological efficiency of infrasound [1, 7, 8]. The first hygienic standards
for infrasound in the USSR were adopted only in 1981, while the first noise standards
for its limitation in workplaces were adopted in 1956. Subsequently, a large number of
publications appeared, which reflect the point of view of hygienists on the problem of
infrasound effects on humans [1, 7].

Since 2004, infrasound has been included in the list of harmful and hazardous
production factors in Russia. The critical organs under the influence of infrasound
include not only the organ of hearing, but also the vestibular analyzer, the central and
autonomic nervous system, the circulatory and respiratory organs [9-12]. The pres-
ence of several organs and systems in the clinical picture allows us to speak about the
separation of infrasound pathology into a separate nosological form [1].

There are reports that low-frequency noise can have a harmful effect not only on
the organ of hearing, but also on other human organs and systems. Its biological effect
has a certain similarity with the effect of infrasound on the human body. An analysis
of industrial and transport noise shows that its spectrum is dominated by low fre-
quencies of the audible and infrasound ranges. Close physical parameters and biolog-
ical effects allowed a number of authors to introduce the terms “low-frequency

»

acoustic oscillations”, “infrasonic disease” and “vibroacoustic disease” [1, 7].

2. Specificity of industrial and transport noise monitoring
2.1 Physical characteristics

Depending on the frequency, acoustic vibrations are divided into infrasonic, sonic
and ultrasonic. According to their physical nature, the acoustic vibrations of these
ranges are the same, and their separation is somewhat arbitrary and is associated with
the physiological feature of the human auditory analyzer. It is believed that a person
hears sounds with frequencies from 16 Hz to 20 kHz. The area of sound frequencies or
acoustic vibrations of the air in the infra-, ultra-, and hypersonic ranges is not per-
ceived by the human ear. It should be noted that modern regulatory documents give a
slightly different frequency gradation for infrasound. Infrasound is commonly under-
stood as acoustic vibrations with a frequency below 22 Hz. At high levels of sound
pressure (SPL) infrasound (over 120 dB), a person has a feeling of pulsation, pressure,
and even pain in the eardrum. The physical features of infrasound include a long
wavelength and low absorption in the atmosphere and the resulting ability of
infrasound to propagate over long distances from the source without significant loss of
energy. It should be kept in mind that sound propagates spherically and the decrease
in sound pressure is inversely proportional to the square of the distance from the
source [13, 14].

The audio frequency range includes acoustic vibrations from 20 Hz to 20 kHz,
which are perceived by the human ear. Noise is a disorderly combination of sounds of
different strength and frequency. According to the predominance of acoustic energy
in one or another part of the spectrum, noise is divided into low-frequency (up to
500 Hz), medium-frequency (from 500 to 1000 Hz) and high-frequency (from 1000
to 8000 Hz).
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2.2 Industrial sources of noise and infrasound

The noise generated during the operation of modern production equipment, the
operation of machinery and vehicles, is acoustic vibrations in a wide frequency spec-
trum: from infrasonic to ultrasonic ranges.

The use of various mechanisms and machines in production activities, an increase
in their power and dimensions have led to a change for the worse in the acoustic
situation at the workplaces of personnel. There is a tendency to increase the contribu-
tion of low-frequency components, including infrasound, to the industrial noise spec-
trum. Production low-frequency noise and infrasound are generated during the cyclic
movement of large surfaces, during shock excitation of structures, reciprocating and
rotational movement of large masses with a repetition rate of cycles of no more than
20 per second, with the rapid movement of large volumes of liquid and air. In “pure”
form, infrasound practically does not occur in a production environment: as a rule, its
“companions” are high-intensity noise and general vibration [1].

The spectra of most industrial and transport noises contain low-frequency noise
and high-level infrasound. The results of acoustic measurements show that if airborne
noise levels are about 90-100 dBA, then the presence of infrasound with a SPL of
100-107 dB can be expected [15].

Acoustic measurements at the enterprises of the metallurgical industry near blast
furnaces and steel-smelting furnaces showed the presence of SPL of 95-108 dB at
frequencies of 8-31.5 Hz. In the gas and oil industry, sources of low-frequency noise
and infrasound are air and reciprocating compressors, ventilation installations, pipe-
lines, and so on. SPLs from 92 to 123 dB in octave bands of 8-63 Hz were registered at
workplaces. The maximum SPL in octaves of 4-31.5 Hz during the operation of
ventilation units and air conditioning systems is 98-100 dB, during the operation of
compressor units — 92-123 dB at frequencies of 8-16 Hz and diesel units 111-123 dB at
frequencies of 8- 63 Hz (Figures 1-4) [1, 7, 8].

There are a large number of noise sources in the aviation industry, especially at the
stages of testing individual units and components and engines. At the workplaces of
aviation specialists, SPLs reach 132 dB in the high-frequency and mid-frequency

Hydrofoils and hovercraft
Cargo river and sea vessels
Railway transport

Motor transport
TTelicopters

I"iston aircraft

‘Turbojet aircraft
Spacceraft

Mining and construction industry
Aviation industry

Gas and oil industry

Metallurgical industry

0 50 100 150 200

Figure 1.
Sources of low-frequency noise and infrasound in industry and transport (abscissa—Sound pressure levels, dB).
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Figure 2.

Thgeuupper limits of the range of the maximum energy spectrum of the noise: Along the abscissa axis—The noise
source (1—Metallurgical industry, 2—Gas and oil industry, 3—aviation industry, 4—Mining and construction
industry, 5—Spacecraft, 6—Turbojet aircraft, 7—Piston aircraft, 8—Helicopters, 9—Motor transport, 10—
Railway transport, 11—Cargo river and sea vessels, 12—Hydrofoils and hovercraft) along the ordinate axis—
Noise frequency, Hz.
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Figure 3.
The lower limits of the range of the maximum energy spectrum of the noise: Along the abscissa axis—The noise
source (legend—See Figure 2).

ranges. The highest noise levels were noted at the workplaces of motor test stations
(SPL 120-132 at frequencies of 50-150 Hz) [8, 16-18].

The main sources of noise in the mining and construction industries are compres-
sors, diesel and ventilation units, vibration platforms, etc. At workplaces, SPL at
frequencies of 10-45 Hz is 98-123 dB. In the noise spectrum of vibratory platforms
with a high load capacity, SPL in the octave bands of 2-16 Hz is about 100 dB,
cranes — 8-16 Hz (79-94 dB), hammers and presses — 8-31.5 Hz (108-114 dB) [7].
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Figure 4.
The upper and lower limits of the range of the maximum energy spectrum of the noise: Along the abscissa axis—The
noise souvce (legend—See Figure 2).

Jet engines of rockets and airplanes are powerful sources of low-frequency noise
and infrasound. When launching rockets of some types, the highest SPL (150 dB or
more) are determined at frequencies of 10-12.5 Hz. During takeoff of turbojet aircraft
of the TU-154 type with a total noise in the cabins of about 100 dBA, the infrasound
levels are 80 dB at a frequency of 4 Hz and 90 dB at a frequency of 20 Hz. In
helicopter cockpits, the highest SPLs are 110-120 dB at a frequency of 28 Hz, which
corresponds to the rotational speed of the propeller blades. When servicing aircraft
with running main and auxiliary engines and ground equipment, aviation specialists
at their workplaces are exposed to noise with an SPL of 100-120 dB in octave bands
from 2 to 31.5 Hz [8]. Ground vehicles are also significant sources of low-frequency
noise and infrasound. Thus, acoustic oscillations with a SPL of 93-110 dB in the range
of 8-31.5 Hz are especially characteristic of the cabs of heavy trucks and busses. With
fully open windows, an increase in SPL is noted at frequencies of 2-6 Hz. The speed of
traffic has a great influence on acoustic performance [19, 20].

In railway transport, the sources of low-frequency noise and infrasound are the
power plants of diesel locomotives and electric locomotives, compressor and ventila-
tion units, and aerodynamic flows at high speeds. Railway workers in their workplaces
are exposed to noise with SPLs of 92-115 dB at frequencies of 8-50 Hz. Locomotive
crews are in the most unfavorable conditions, at the workplaces of which infrasound
reaches SPL from 100 to 115 dB. The presence of open windows during the movement
of rolling stock leads to an increase in SPL and a shift in the spectrum to the region of
low-frequency noise and infrasound, especially at high speeds [7, 21, 22].

Sources of low-frequency noise and infrasound on sea and river vessels are power
plants, diesel generators, propellers, ship ventilation and air conditioning systems, etc.
Metal hull structures have high sound conductivity, which contributes to the spread of
noise throughout the vessel. At workplaces, the seafarers are exposed to noise with an
SPL of 100-130 dB at frequencies of 8-45 Hz. The highest noise levels (up to 100
dBA) are observed in the power compartments of ships, which, as a rule, are 30-40 dB
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higher than in other habitable spaces. During the operation of hydrofoils and hover-
craft, SPLs in the region of 6-10 Hz reach 100-130 dB [7].

2.3 Means of measurement and hygienic regulation of industrial and transport noise

Acoustic measurements are mainly carried out for research purposes, designed to
reduce the level of influencing noise, for hygienic monitoring, to comply with the
requirements of sanitary standards, as well as for predictive risk assessment of the
development of diseases associated with acoustic exposure [1, 7, 23-25].

For hygienic standardization according to the temporal characteristics of noise,
gradation is introduced into three categories [1]:

* constant noise, the sound level of which does not change by more than 5 dBA
during an 8-hour working day or during the measurement in the averaging mode
of the sound level meter S (slow);

* intermittent noise, the sound level of which changes by more than 5 dBA during
an 8-hour working day, a work shift or during a measurement when measured
with the averaging time constant of the sound level meter S (slowly);

* impulse noise, consisting of the infrasound of one or more sound events, each
with a duration of less than 1 s, while the sound levels Ly, armax and Ly, asmax
measured respectively with time corrections I (impulse) and S (slow), differ by
at least 7 dB.

The current standards for hygienic regulation of noise at the workplace of person-
nel use the following indicators:

sound pressure level, L,, dB is 10 decimal logarithms of the ratio of the square of

the sound pressure to the square of the reference sound pressure equal to 20 pPa;

the equivalent sound pressure level, L,, .,7, dB is 10 decimal logarithms of the ratio

of the square of the sound pressure to the square of the reference sound pressure

over a given time interval;

A-weighted sound level (A sound level) in dBA is 10 decimal logarithms of the

ratio of the squared rms sound pressure, measured using standardized frequency

weighting A, to the square of the reference sound pressure. To determine the

nature of the noise, sound levels A are measured with time corrections S (slow,

T =15s), F (fast, T = 125 ms), I (impulse, t = 40 ms);

equivalent sound level with frequency correction A (equivalent sound level A),
Ly, aeqr» dBA—10 decimal logarithms of the ratio of the square of the root-mean-
square sound level A to the square of the reference sound pressure at a given time
interval, which is calculated by the formula:

TP&, (t)dt

t
Lp’qu,T = 10lg T—l)%
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equivalent sound level A for a work shift—L,, 4,481, dBA, equivalent sound level A,
measured or calculated for 8 hours of a work shift, taking into account corrections for
impulse and tonal noise, which is calculated by the formula:

1 0,1( L, peq. i +Ki
Ly acq.sn = 10lg (T_o IZTJO (LptegitK3) | (2)

where T is the standard duration of the work shift (8 hours, if the duration of the
work shift is different from 8 hours, Ty is taken equal to the actual duration of the
work shift with a total work duration of 40 hours per week); T; is the duration of the
i-th noise exposure interval, h; L, 4.,.7; is the equivalent sound level or sound pressure
measured at the i-th noise exposure interval, dBA; K; is a correction for the nature
of the noise, equal to 5 dB in the case of tonal and (or) impulse noise (applied when
Ly, aeqri > 75 dBA, in all other cases K = 0 dB is assumed);
the maximum sound level A, L, omax> dBA is the highest sound level measured
over a given time interval with standard time correction;
the time correction function is a standard exponential function of time for the
square of the instantaneous sound pressure in a time averaging operation
(international standard). Sound level meters use standard time corrections S
(slow, f'=1s), F (fast, f = 125 ms), I (impulse, f = 40 ms), they are also called
averaging time constants;

Peak C-weighted sound level (C sound level), L,, cpear, dBS, is 10 decimal loga-
rithms of the ratio of the square of the peak sound pressure, measured using stan-
dardized frequency equalization, to the square of the reference sound pressure.

It should be noted that in addition to the equivalent sound level, when describing
and characterizing short-term sounds or noises, in the international practice of acous-
tic measurements (not standardized in Russia), the exposure parameter of a separate
noise phenomenon (event) is often used [15]. The equivalent sound exposure level is
the level that, when fixed for a time interval of 15, produces sound energy in dBA that
is identical to the energy of an actual transient sound or noise. This level, in dBA, is
calculated using the formula:

1 (2P(t) )
Lag=10=| =24t ], 3)

tO t1

where ¢ is the standard duration equal to 1s.

For the theory and practice of hygienic regulation of the noise factor, acoustic
parameters characterizing the average sound level over a long period of time are of
undoubted significance. A long time interval consists of infrasound series of basic
intervals. A day or some other time period characterizing a certain technological cycle
of human activity is used as a base interval. To quantify the noise factor, the average
sound level over a long time interval is determined—the average value of the equiva-
lent sound level over a long time interval for a series of basic time intervals enclosed
within a long time interval:

N
LAeqLT = ].Olg (11\1 Z 100,1(LAeq,T)l.> , (4)
i=1
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where N is the number of basic time intervals, (Lac,,r); is the equivalent SPL in the
i-th basic time interval.

Another parameter often used for the purposes of hygienic regulation and health risk
assessment is the noise dose—the total energy accumulated during exposure. The noise
dose is proportional to the equivalent (in terms of energy) sound pressure recorded on
the frequency correction scale “A” and the action time, measured in Pa’h or Pa’s. Dose—
acoustic energy during the duration of the noise, determined by the formula:

T
Dose = L Pi (t)dt, (5)

where P, is the instantaneous value of sound pressure on the A scale of the sound
level meter, Pa; T is the measurement time, h.

Sometimes it is more convenient to use the relative value of the noise dose (Dsk) in
fractions of the permissible value (dimensionless value):

Dose
=_—"";Dosegy, =P T (6)
5 o dopA L dop>
Dose oy, P P r

Dy,
where Py, 4, Pa—the permissible value of sound pressure on the A scale of the
sound level meter, corresponding to the maximum permissible noise level of 80 dBA,

T 4,,—the established duration of the working day.

From a physical point of view, the noise dose reflects the amount of energy
transferred and thus can serve as a measure of exposure. Therefore, such a hygienic
aspect of its application is important, such as the rigor of calculating the noise estimate
in comparison with the current system of normalizing its level.

Dose estimation has an undeniable advantage: it takes into account the transferred
energy during the noise action, which allows one to estimate the noise load and
correlate it with the biological effects caused. In this regard, its use helps to identify
qualitative-quantitative relationships of the fundamental dose-effect ratio.

The noise dose (Dsh) is related to the equivalent L,,, the maximum permissible
sound levels L,, and the corresponding sound pressure values Pe,, P4,y by the relation:

L eq—L dop) (Lmar101g (1g)-Ldop)

Dy =100 =10 ™ = (Pog/Parp)’ = Dose/Dosegoy.  (7)

The transition from sound levels measured in dB to the root mean square value of
the sound pressure and its square was carried out according to the following formulas:

Paigm = 2 x 10L/2015 (8)
P2, =4 x10lL/10-10 9)

Based on the physical concept of noise dose, the expression for the total dose per
shift has the form:

Dy, = > Dais (10)
i

where D,;,,—partial doses of noise; i is an index denoting stages of work or basic
intervals.
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The dose approach to determining the acoustic load is also convenient to use to
calculate the integral estimate of the entire impact. It is necessary to additionally
determine the actual and relative noise dose for working hours, rest periods and sleep,
i.e. for all periods of life. The relative noise dose, separately for working hours, rest
periods and sleep is determined by the formula:

anlp»zti
ODsh = Do = Dshgyer /Dshyg, = =510 (11)
t f: t/ dop DShdop

where P,—sound pressure in Pa; ¢; is the duration of a given noise level (working
time, rest, sleep), D,,; is the relative noise dose, Dshy,, is the actual noise dose,
Dsh ,,—permissible noise dose.

The total relative average daily noise dose is determined as the sum of the ratios of
the real noise load for three periods of life (work, rest and sleep) to the permissible
one according to the formula:

Ds hjoh Dsh relaxation Ds hdream

ODsh = .
Ds hdop job Ds hdop relaxation DS hdop dream

(12)

It can be noted that for research purposes, to build the “dose-effect” dependence,
the noise dose measured over the entire frequency range on the “Linear” scale is used.
The normalized indicators of noise at workplaces are:

* equivalent sound level A for a work shift, the normative equivalent sound level at
workplaces is 80 dBA;

¢ maximum sound levels A, measured with time corrections S and I, maximum
sound levels A, measured with time corrections S and I, should not exceed 110
dBA and 125 dBA, respectively.

* peak sound level C should not exceed 137 dBC.

Exceeding any normalized parameter is considered to be exceeding the maximum
permissible levels.

For certain sectors (sub-sectors) of the economy, an equivalent noise level at
workplaces from 80 to 85 dBA is allowed, subject to the confirmation of an acceptable
risk to the health of workers based on the results of calculations of the assessment of
the occupational risk to the health of workers, as well as the implementation of a set of
measures aimed at minimizing the risks to the health of workers.

If the noise level in the workplace exceeds 80 dBA, the employer must carry out an
assessment of the health risk of workers and confirm the acceptable health risk.

Work in conditions of exposure to an equivalent noise level above 85 dBA is not
allowed.

The impact of noise on a person depends on the intensity, frequency composition
and duration of its action, as well as on the location of the person and the nature of the
work. Noise with a level of 30-40 dBA at night can cause anxiety, insomnia; at 50-60
dBA, if a person is engaged in mental work, a load is created on the nervous system,
and a harmful psychological effect is observed. Sound levels up to 70 dBA already
cause certain physiological reactions and can lead to changes in the body. Noise, the
US of which reaches 80-90 dBA, affects hearing, causing its deterioration, and high
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sound levels cause the development of a specific occupational disease—industrial
sensorineural hearing loss.

In the current standards for hygienic regulation of infrasound at workplaces, the
following indicators are used:

Total infrasound sound pressure level (total infrasound level): sound pressure level
in the frequency range 1.4-22 Hz, can be directly measured with an appropriate band
pass filter or obtained by energy summing the sound pressure levels in the octave
frequency bands 2, 4, 8, 16 Hz.

Equivalent sound pressure level, L, ., 7, dB—10 decimal logarithms of the ratio of
the square of the sound pressure to the square of the reference sound pressure over a
given time interval. Equivalent sound pressure levels for a shift in octave frequency
bands are determined by the formula:

1
Lp,l/l,eq,Sh = 10lg (T_o ZT{lOO’le’l/l’eq’Ti> s (13)

where T is the standard duration of the work shift (8 hours). If the duration of the
work shift is different from 8 hours, Ty is taken equal to the actual duration of the
work shift with a total work duration of 40 hours per week. T; is the duration of the i-
th interval of infrasound exposure, h; L,, 1/1 .47 is the equivalent sound pressure level
measured in the i-th interval, dB in the octave band.

The equivalent total infrasound level for a work shift is determined by the formula:

n
Lp,ZI,eq,Sh = 10[g (Z Tiloo,leZI,eq,Ti> s (14)
i=1

where T is the standard duration of the work shift (8 hours); T; is the duration of
the i-th interval of infrasound exposure, h; L, 7., si—replaceable equivalent total
infrasound level; L, 71 ., 1 is the equivalent total infrasound level measured at the i-th
interval of its impact.

The maximum sound pressure level L, ..., dB is the highest value of the sound
pressure level measured over a given time interval with standard time correction
(time constant).

The normalized parameters of infrasound are:

* equivalent sound pressure levels for a working shift in octave frequency bands 2,
41 8a 16 HZ_Lp,l/I,eq,Sh’ dBa

* equivalent total infrasound level per shift—L,, »; ., s, dB—should not exceed
100 dB;

* maximum total infrasound level, measured with time correction S (slow)—
should not exceed 120 dB.

To obtain an approximate assessment of the severity of infrasound, you can use the
overall sound level measured on the “Lin” scale, and the express indicator—the
difference between the sound levels measured on the “Lin” and “A” scales. The
greater this difference, the more significant the contribution of low-frequency and
infrasonic components in the spectrum of the studied noise. At values of the indicator
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from 6 to 10 dB, it is considered that there are signs of the presence of infrasound, at
11-20 dB, infrasound is moderately pronounced; 21-30 dB—expressed; more than
30 dB—significant infrasound.

The hygienic standard refers to the quantitative and qualitative values of indicators
established by research that characterize the safety of environmental factors for
human health. When regulating noise and infrasound, a multi-level approach was
used, depending on the nature of human activity. The existing sanitary rules establish
the maximum permissible levels at workplaces, permissible levels in residential and
public premises and in residential areas. The determination of the maximum permis-
sible levels at the workplace should be made taking into account the intensity and
severity of labor activity [7, 8].

The regulation of normative noise values is based on preventing the development
of irreversible hearing impairment. At the same time, for infrasound, the approach of
its general impact on a person is used, taking into account the reaction of the hearing
organ. This has led to the fact that at present there are significant differences in the
values of standard SPL in octave bands with geometric mean frequencies of 16 Hz
(85 dB) in the infrasonic range and 31.5 Hz (107 dB) and 63 Hz (95 dB) in the low-
frequency audio range. It has been established that low-frequency noise can have a
harmful effect not only on hearing, but also on other human systems, and its biolog-
ical effect is similar to the effect of infrasound on a person. Therefore, studies are
needed to clarify the nature of the frequency dependence of biological effects on the
conditional boundary between the infrasonic and sonic ranges [24, 26-28].

The above examples show the need for further research to justify the equally
effective values of the weighting coefficients under the influence of low-frequency
noise and infrasound [29, 30].

2.4 Working conditions

Working conditions are a combination of factors of the labor process (severity and
tension) and the working environment (physical, chemical, and biological factors) in
which human activities are carried out. The classification of working conditions is
based on the principle of grading the deviation of the parameters of these factors from
the current hygienic standards [1, 7, 8, 24, 31].

When evaluating working conditions associated with the action of several harmful
factors, the summation effect is taken into account depending on the number of
factors and the severity of their harmfulness.

In addition, if there is both noise and infrasound at the workplace, working condi-
tions should be rated one step higher. The legitimacy of this approach is due to the fact
that these two factors can have a harmful effect on the same critical organs and systems
(“targets”), which leads to the summation and potentiation of their adverse effects.

2.5 Medical aspects

For a long time it was believed that infrasound lies beyond the limits of auditory
perception. It has now been established that they are perceived not as pure tones,
but as a combination of auditory and tactile sensations, which is manifested by a
feeling of pulsation in the tympanic membrane and middle ear. The hearing thresh-
olds for infrasound have been established: for 100 Hz they are about 40 dB, and for
1Hz —140 dB [1, 31].
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Long-term action of low-frequency noise and infrasound leads to an increase in the
threshold of hearing, mainly in the low and medium frequency ranges. Considering
that the maximum of speech frequencies is in these areas, these disorders are
prognostically unfavorable in social terms, which is especially pronounced in socio-
professional groups of the population exposed to aircraft noise [7, 32-37].

A questionnaire survey of workers exposed to low-frequency noise and infrasound
in production and transport for a long time revealed a complex of unpleasant subjec-
tive sensations in the majority [1, 7, 8, 24, 31]. Complaints, depending on their
genesis, can be conditionally divided into the following groups:

cochlear: a feeling of congestion, pressure, pulsation and pain in the ears, hearing
impairment;

vestibular: dizziness, imbalance; mechanical: sensation of vibration of the chest

and abdominal wall, soft palate, internal organs, cough, shortness of breath,
blurred vision; psychological: anxiety, unreasonable feeling of fear, decreased
mood, apathy, problems with concentration and memory;

neurovegetative: fatigue, general malaise, drowsiness, irritability, sleep

disturbances, headache, dizziness, loss of appetite, tachycardia, fluctuations in
blood pressure.

The variety of complaints indicates the involvement of many organs and systems
in the formation of the subjective perception of low-frequency noise and infrasound
[1,7,24, 31].

The presence of harmful factors, having an adverse effect on the body of workers,
leads to an increase in the level of chronic and general, production-related and occu-
pational morbidity [7].

The impact of noise with a low-frequency and infrasound component is
accompanied by an increase in the general morbidity and diseases characteristic of
the action of noise and infrasound. This indicates the summation of adverse
effects in the combined influence of noise and infrasound. In the structure of mor-
bidity, diseases of the organs of hearing, respiration, blood circulation, digestion,
skin and subcutaneous tissue, and the nervous system predominate, and the
leading place among them is occupied by sensorineural hearing loss and arterial
hypertension [1, 7, 8, 24, 31].

The diseases identified in specialists are related to working conditions based on
quantitative assessments of occupational risk, which makes it possible to classify
diseases of the organ of hearing as occupational diseases, and diseases of the respira-
tory organs, eyes, digestion, nervous system, circulatory organs and skin as occupa-
tionally caused diseases [31].

At the end of the last century, an understanding was formed that exposure to
harmful factors (including noise and infrasound) can lead to the development of
occupational diseases. Russia has created a system of medical support for people who
are exposed to harmful factors at work. The basis of the complex of medical measures
is the conduct of preliminary examinations when applying for a job and periodic
medical examinations. In particular, it provides for the passage of persons exposed to
noise and infrasound at work, periodic medical examinations (at least once every 2
years) with the obligatory participation of an otolaryngologist and a neurologist,
laboratory tests of auditory and vestibular analyzers [1, 7, 8, 31]. According to the
indications, an examination and examination of the connection of the disease with
the profession is carried out in the conditions of a specialized authorized medical
organization.
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One of the promising directions for ensuring the acoustic safety of personnel is the
implementation of personalized acoustic monitoring technologies based on the use of
real-time acoustic hazard indicators [38, 39]. Realized with the help of personalized
acoustic monitoring and medical control system, the accumulation of factual infor-
mation about the influence of acoustic factors on a person, an adequate and reliable
quantitative description of the patterns of changes in health and performance open up
new opportunities for testing, correcting and justifying management decisions aimed
at maintaining health and prolonging professional longevity. Workers exposed to
industrial and traffic noise [38, 39].

An important aspect of industrial and transport noise monitoring is noise mapping
[40-42]. The construction of noise maps, especially those that provide objective
monitoring of noise pollution in real conditions with a possible determination of the
potential effectiveness of the implementation of a set of measures aimed at reducing
noise pollution, is an effective tool to support the adoption of appropriate manage-
ment decisions [43, 44].

2.6 Methods and means of protection against industrial and transport noise

When choosing means and methods of protection against low-frequency noise and
infrasound, it must be borne in mind that: there are actually no specialized means of
protection against infrasound; in industrial conditions, infrasound is often combined
with intense noise; most personal protective equipment designed to protect the organ
of hearing is ineffective at frequencies below 500 Hz (sound attenuation does not
exceed 10 dB).

The variety of applied methods and means of protection against industrial and
transport noise necessitates the development of special information-measuring sys-
tems for their qualimetry [45, 46]. Expanding the spectrum of industrial and traffic
noise to the low-frequency and infrasonic region, as well as taking into account the
parameters of impulse noise, requires a new solution of acoustic problems that have
not had a theoretical solution so far. So, there are still no exact methods for solving the
propagation of a sound wave over remote distances, there are only probabilistic-
statistical approaches applicable exclusively to a specific area and relief where acoustic
measurements were made [47].

For timely decision-making on protection from industrial and traffic noise, it is
necessary to have objective and comprehensive information about the characteristics
of the noise environment [48, 49]. Therefore, the creation of an effective system of
dosimetric control, that is, monitoring of noise levels, is one of the urgent tasks of
measuring systems for qualimetry of means and methods of noise protection.

The functional tasks of the complex of information-measuring systems for
qualimetry of means and methods of protection against industrial and transport noise
are: (1) reducing the level of personnel noise dose to regulated limits based on a set of
design, technical and health measures; and (2) creation of an effective system of
dosimetric control, which makes it possible to quickly register an increase in the level
of acoustic exposure to a person who is exposed to noise.

When choosing personal protective equipment, you should be guided by the
following.

1.In the presence of noise, the spectrum of which is dominated by medium and
high frequencies, and the SPL of low-frequency noise and infrasound do not
exceed the maximum permissible levels, it is necessary to use anti-noise
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(headphones, earbuds and a helmet) designed to protect the hearing
organ. When choosing anti-noise, it should be taken into account that at the
noise level:

up to 100 dBA—you need to use headphones or earbuds;

100-110 dBA—a combination of headphones with earbuds;

110-125 dBA—anti-noise helmets, vests, suits.

2.When exposed to infrasound with levels exceeding the maximum permissible
levels, and intense noise, it is necessary to protect not only the hearing organ,
but also the central and autonomic nervous systems, the cardiovascular system,
and the respiratory system. This is achieved by special noise protection
equipment—anti-noise helmet, vest and suit [8, 50].

Special noise protection equipment is a new class of technical personal protective
equipment designed to protect a person from the extracochlear effects of infrasound
and low frequencies of the sound range. Industrial samples of headphones and exper-
imental samples of anti-noise helmets and vests, which reduce the level of acoustic
energy in the low-frequency range, have been developed [8].

An important role in ensuring protection against low-frequency noise and
infrasound in the workplace belongs to measures to optimize the conditions of
professional activity—the use of collective protective equipment, reducing the
length of stay in the noise zone, alternating periods of work and rest, etc. It is
necessary to use the alternation of work periods for maintenance of production
equipment (“active period of acoustic load”), with periods not related to the mainte-
nance of noise sources (“passive period of acoustic load”). In the latter case, it is
important to create comfortable acoustic conditions and carry out rehabilitation
measures [8].

Thus, the use of protective equipment is necessary for the effective
prevention of occupational morbidity, and hence the reduction of economic losses in
production.

3. Conclusion

Industrial facilities and most modes of transport are sources of high-intensity
noise, the spectrum of which is dominated by low-frequency infrasonic frequencies.
The close physical nature of these ranges contributes to the propagation of such noise
with low attenuation, and they have good penetrating power, so most noise protection
devices are ineffective. High (more than 100 dBA) noise levels at workplaces of
industrial facilities and transport require measurements in the infrasound range as
well.

Studies of low-frequency acoustic oscillations as a factor in the production
environment have not been completed. Their “targets” are the central nervous and
autonomic nervous systems, auditory and vestibular analyzers, respiratory organs,
etc. With prolonged exposure, they contribute to the development of occupational
diseases. The simultaneous action of low-frequency noise and infrasound (this situa-
tion is typical for industrial conditions and vehicles) leads to an aggravation of
infrasound pathology, which requires more careful medical monitoring of people
working in such conditions, and improvement of means and methods of protection
against industrial and transport noise.
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Chapter 4

Evaluation of Industrial Noise
Reduction Achieved with a Green
Barrier: Case Study

Martha Cobo Dorado, Gissell Rodriguez Milan
and Alice Elizabeth Gonzdlez

Abstract

In this chapter, a case study is presented on the evaluation of acoustic performance
of a tree barrier. It is a eucalyptus barrier that was planted as a visual barrier to block
an industrial plant. First, the depletion law of sound pressure levels (SPL) of the
source was analyzed; a linear divergence was found. A calculation scheme similar to
that of ISO 9613-2 was applied. When comparing the SPL measured at a specific
receiver with the results of propagating the SPL from the source without considering
the existence of the barrier, an extra attenuation of 12 dB appeared, reinforcing the
idea that the plantation behaves as an acoustic barrier. Four different calculations
were used to obtain its insertion loss (IL), including general equations and expressions
developed for green barriers. The best fit was obtained using equations for solid
barriers, although it was not the expected result. This finding could be explained by
the great distance between the source and the receiver. It opens the possibility of
successfully using IL prediction equations for solid acoustic barriers (both thin and
thick) to estimate the acoustic performance of green barriers, at least under conditions
similar to those of this case study.

Keywords: noise control, green barriers, acoustic barriers, industrial noise control

1. Introduction

This case study is based on postgraduate research by Cobo Dorado [1]. It refers to a
limestone calcination plant to produce powdered lime, which is located in a rural area.
The industrial plant has dense forest areas in parts of its perimeter, which were
planted for landscape purposes.

The main sources of noise in the plant are the crushers, the sifter, and the coal
processing mill. The latter is the object of this study.

There are four receivers on the perimeter of the property where the sound pressure
levels (SPL) are regularly measured; two of them, called P1 and P2, will be considered
for this study.

One of the main discussions regarding barrier options to mitigate the effect of
noise caused by industrial plants is whether the plant barriers such as eucalyptus
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plantations could effectively behave as acoustic barriers. Thus, the goal of the study
was to evaluate if the presence of a eucalyptus plantation located between the coal
processing mill (sound source) and P1 collaborates on reducing the SPL in P1. The
main objectives were finding the best fit for the depletion law of the main noise source
to better evaluate the acoustic behavior of the tree barrier comparing the accuracy of
the results achieved by using four different equations to calculate the insertion loss
(IL) of the green barrier under study and concluding about the possibilities of using
general equations for obtaining the IL of a green barrier.

In order to carry out this research, measurements of SPL were taken, based on
protocols of the National Environmental Authority. All measurements were taken
with time weighting Fast at the sonometer, at a height of 1.5 m above the ground.
They had a minimum duration of 15 minutes. The measurements on different days
were considered.

A set of SPL measurements taken when the coal mill was the only operating source
was selected. The measurements in the receivers were taken monthly. The equivalent
continuous SPL (L.q) was recorded each second in scale A (Laf,eq) in scale C (L eq)s
and in octave bands (Lzp,cq). The background SPL at P1 and P2 were measured during
the shutdown of the plant, and their frequency spectra were also obtained.

Based on the literature review (see Section 2) and the general characteristics of the
eucalyptus plantation, it appears that it could attenuate the SPL in P1.

This paper is structured in six sections. First, a theory background (Section 2) and
the case study basic information (Section 3) are presented; all the relevant measured
spectra are also shown in Section 3. Section 4 points out the applied methodology.
Section 5 presents the calculation process; at first, the sound depletion law of the
source was studied and then, the SPLs in the receiver P1 were found without studying
the green barrier. For explaining the difference between the measured and calculated
figures, the acoustic performance of the tree plantation was obtained four ways: two
of them were for solid acoustic barriers and the other two for tree barriers. The last
sections for this chapter are devoted to discussing the results and present our
conclusions.

2. Background

Acoustic barriers have been widely used when noise control on the propagation
path is needed, once there are no other possibilities of control on the source [2]. Up to
five acoustic phenomena can occur in an acoustic barrier: sound reflection, transmis-
sion, absorption, diffraction, and scattering.

The material of the surface exposed to the source is what defines the amount of
acoustic energy that will be scattered, absorbed, and reflected. When there are bar-
riers on both sides of a source and their surface materials are not adequate for sound
absorption, sound pressure levels may increase due to multiple reflections between
the two sheets of the acoustic barrier [3]. The acoustic impedance of the material of
the barrier determines the amount of acoustic energy that will be transmitted through
it. It is generally assumed that if a material has a surface density of at least 10 kg/m”
(kilogram per square meter), it is suitable for acting as a noise barrier [2].

Finally, diffraction should be the predominant acoustic phenomenon in a barrier.
It refers to the fact that sound waves change direction, edging the obstacles they find
in their path, which, in the case of a barrier, occurs at the top edge but also at the side
edges [2].
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The attenuation provided by an acoustic barrier is called insertion loss (IL), which is
defined as the difference between the direct sound pressure level obtained in the
absence of an acoustic barrier (Lg;,), and the level obtained with the presence of the
barrier, i.e., the diffracted sound pressure level (Lgif) [2] (see Eq. (1)).

IL = Lgiy — Ly (1)

The proposal of Maekawa to calculate the IL value from the Fresnel number N
marked a milestone in the development of noise barrier research (Eq. 2). A detailed
analysis of Maekawa’s work can be found in [4].

IL = 10 log (20 N) )

where N = 29 is the Fresnel number

A = the wavelength of sound (in meters) at the considered frequency f, and.

8 = a + b —d is the difference between diffracted sound path and direct sound path
(in meters) (see Figure 1).

Since Maekawa’s first approach had some limitations, some authors have worked
on finding a better calculation method to predict the IL of acoustic barriers [2]. In next

sections, some of them will be presented.

2.1 Thick barrier approach

An acoustic barrier is said to be “thick” when it has more than one point where
diffraction can occur [2].
A barrier is considered thick when:

¢ The width of its crest exceeds 3 m. In this case, it is considered to be thick for all
frequencies. Although not exactly a crest, the width of the straight line that
connects the source and receiver.

* The wavelength A to be considered is less than 1/5 of the crest width ¢ (A < ¢/5). If
there were frequencies where this relation is not accomplished, the barrier would
function as a thin barrier, and it should be calculated in such manner.

Eq. (3) can be used for solid barriers either thin or thick. In the case of thick
barriers, the thickness ¢ is added to the smallest of the distances a or b and with this

Acoustic Barrier

Figure 1.
Cross section of an acoustic barrier (adapted from [2]).
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new value a’ or b’, the Fresnel number N should be calculated. Then, the insertion loss
will be obtained through Eq. (3) [2].

IL =10 log 3+ 10 N -K) — Ay 3)

Where:
N: Fresnel number calculated by considering the hypothesis of thick barrier,
Eq. (4) (see Figure 2):

N=>(a'+b-d) (4)

N

For a thick barrier, the value of ¢ must be added to the minimum of a and b; the
values corrected this way are noted as a” or b’.

K: meteorological correction, with.

K =1 for distances between source and receiver either less than 100 m or greater
than 300 m.

Otherwise:

K= e—OAOOOS abd /N

Ag,: ground attenuation along the sound path.
The barrier attenuation should not be assumed to be greater than 20 dB.

2.2 Kurze-Anderson approach

This way of obtaining IL is a general one. The expressions to be used are those of
Eq. (5) [2].

If N>125 IL =24

V2N

tanh /22N )

If —02<N<125IL =5+ 20 log

Where N is the Fresnel number defined in Eq. (4)

senh X X —eX

R ber that tanh X = =
emember that tan coshX ~ X 7o X

o L

Figure 2.
Cross section of a thick barrier (adapted from [2]).
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2.3 Green barriers

The case of tree or green barriers is rather different. Just as in “conventional”
barriers, the hermeticity of the material is central, it is necessary to assume that the
tree barriers are non-soundproof. In turn, scattering may homogenize the acoustic
field into the tree plantation. On the other hand, among the characteristics of the
vegetation that participate in the attenuation of the barrier, the density of the planta-
tion, distance between trees, geometric pattern of the plantation, the features of
trunks, bark, and canopy, and the dimensions of the leaves, whether the trees are
deciduous or evergreen. The abovementioned points are presented in Section 2.3.1.

One simple point for expecting a good sound attenuation performance in a tree
barrier is that it must block the visuals between source and receiver, as stated by ISO
9613-2 [5]. If the receiver is able to be seen from the source and through the vegetation,
it is most probable that the barrier will not be dense enough for sound attenuation.

2.3.1 An overview of the research on green barriers

The acoustic of forests began to be studied in 1946 by Eyring [6], who found an
attenuation of 0.05-0.13 dB/m (decibels per meter), increasing with frequency. Some
years later, Embleton [7] and Aylor [8, 9] continued with Eyring’s work. Embleton [7]
obtained an important depletion of 7 dB/100 ft. (decibels each 100 feet) for frequen-
cies below 2000 Hz. He tried to explain such high results thinking about branches as
resonance absorbers, but his theory was not easy to be proven. Recent works, as
Johansson’s [10], show that the forest is a complex system that can reduce (absorb) or
amplify sound pressure levels, depending on the phenomena that are activated for
each case.

Aylor [8] showed that plants have a good behavior for noise control. He worked
with pink noise attenuation through a dense reed marsh (Phragmites communis). The
average height of the reeds was 2.5 m, the area of leaves per volume unit of canopy
was 3.0 m*/m?, and the density of plants was 59 + 10 plants/m”. The average width of
the leaves was 3.2 cm. Aylor found an increasing attenuation between 500 Hz and
10,000 Hz, with an increasing rate close to 4-4.5 dB/octave. He found an attenuation
close to 18 dB at 10,000 Hz for 12.2 m broad of reeds. When comparing with corn
plants (Zea mays) attenuation, he found that the best performance was at a frequency
of 2000 Hz; the width of the corn plants leaves was 7.4 cm in average. In another
study, Aylor [9] measured the sound attenuation related to trunks and stems. He used
field corn (Z. mays), hemlock (Tsuga canadensis), red pine (Pinus resinosa), and a
hardwood brush of about 6 m in height. He found the denser the plantation and the
greater the leaves surface, the better the attenuation. Also, the trunks have an impor-
tant effect on sound scattering, whether the wavelength was small in comparison to
the radius of the trunk.

Price et al. [11] measured and studied different forests sound attenuation: Norway
spruce (Picea abies) and oaks, with a dense undergrowth; a monoculture of Norway
spruce of 11-13 m in height; a coniferous plantation including red cedar (Thuja
plicata), Norway spruce, and Corsican pine (Pinus nigra). Summer and Winter mea-
surements were performed. A general attenuation pattern was found, with a first
absorption peak at about 250 Hz; a region of poor absorption performance and possi-
ble resonant amplifying, around 1000-2000 Hz; and a second attenuating region,
from 2000 Hz to 10,000 Hz approximately. The authors aimed to build a predictive
model, by adding the contributions to sound attenuation of ground, trunks, and
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foliage, calculating each one separately. On the other hand, Lee et al. [12] examined 15
sites with coniferous trees, along some roads in Virginia, USA. They concluded that
only a very poor sound attenuation could be attributed to the trees. They found no
differences according to the trees age, height, species, nor density at the sites.

Huddart [13] stated that noise barriers such as walls, fences, or mounds of earth are
often used to reduce noise pollution from traffic, but that a tree belt would be a more
environmentally friendly and esthetic option. He measured the attenuation of traffic
noise through five types of vegetation up to a depth of 30 m. He verified that the foliage
is important in reducing the high frequencies (above 2000 Hz), while the middle
frequencies (250-500 Hz) are attenuated by the absorbent qualities of the ground. The
ground absorption features can be enhanced by the roots of the plants and litter.

Huisman and Attenborough [14] showed that the acoustic response of a forest
directly depends on the type of wave interference: for constructive interferences
(coherent waves), sound reverberation is expected; otherwise, attenuation of the
sound may occur. The authors stated that sound scattering by atmospheric turbulence
is a well-known phenomenon, related with loss of coherence of waves, for wave-
lengths minor than the trunk diameter.

Alessandro, Barbera and Silvestrini (1987) and Stryjenski (1970), cited by Ochoa
de la Torre (1999) [15], proved that the acoustic absorption of some plant species
varies with the size of the leaves and the density of the foliage. Thus, noise levels
decrease should only be expected for frequencies above 2000 Hz, with attenuation
values of 1 dB every 10 m of depth, up to a maximum of 10 dB at 100 m or more.
Furthermore, Ochoa de la Torre (1999) cites Cook and Haerbeke (1971) and
Alessandro et al. (1987) that, among other conclusions, stated that: “a screen placed
close to the source is more efficient than another next to the avea to be protected”; and that
“the species to be used must be evergreen, avoiding conifers, which ave the least efficient.”

In the same direction, Tarrero (2002) [16] cites Martens and Huisman (1986), who
showed that deciduous trees attenuate more than grass without trees but less than
evergreen ones.

In 2002, Tunick [17] linked meteorology and sound propagation in a forest. He
found a microclimate, where temperature and wind velocity are rather uniform. The
main attenuation phenomena in the forest are: interfering between sound waves, both
direct and reflected on the ground; scattering and absorption by ground, trunks,
branches, and atmospheric turbulence. In the range of medium frequencies (250-
500 Hz), ground impedance is one of the most influencing factors. For frequencies
from 1000 Hz to 2000 Hz, the trunks, branches, and canopy are the main agents,
acting both by sound scattering and sound absorption. For these high frequencies,
these phenomena seem to have more incidence on sound attenuation than refraction
effects related to the microclimate in the forest.

Martinez Sala et al. [18] carried out a study with vegetable plantations (poplars,
cypresses, laurels, and orange trees), demonstrating that it is possible to improve the
sound attenuation obtained from a mass of trees if their elements are ordered in a
periodic way. They worked with an arrangement in regular rows, a square, rectangular,
and triangular configuration of the trees. Their experimental results showed that the
highest sound attenuation was obtained for a range of frequencies related to the period-
icity of the array. This behavior led them to intend that these sets of trees can be seen as
sonic crystals. The experimental results showed that a belt of trees organized in a
periodic matrix produces attenuation peaks at low frequencies (f < 500 Hz), not as a
consequence of the ground effect but as a result of the destructive interference of
scattered waves. Therefore, these periodic arrays could be used as plant acoustic screens.
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Onuu [19] found that grass can introduce an attenuation in all frequencies twice
the amount of attenuation of a forest. The best performance was measured between
1000 Hz and 4000 Hz. He also stated that the best relation for representing the
attenuation of grass is logarithmic, whether for trees is a power equation.

Swearingen and White [20] proposed an adjustment of the calculation method of
Defrance, to include other atmospheric phenomena, especially those related to scat-
tering. As that previous model did, they used the Green’s function parabolic equation
(GFPE) for modeling different phenomena that they also measured. The authors
added those phenomena one by one to their simulation, and they found that the
atmospheric condition had strong influence on sound propagation. Trunks and can-
opy scattering became more important at greater distances to the source, but they had
not a significant influence on sound pressure levels, when compared to the atmo-
spheric incidence.

In their exhaustive analysis of noise barriers, Kotzen and English [3] state that the
best performance of a green barrier occurs at a frequency for which the wavelength is
twice the size of the leaves of the trees or shrubs. It makes sense with Aylor’s findings
[8, 9], more than 30 years earlier. According to [3], green barriers are not expected to
control sounds of frequencies lower than 250 Hz, and their best performance is for
frequencies of 1000 Hz and higher.

Fan et al. [21] did many measurements behind six dense hedges involving six
different evergreen species: arrowwood (Vibumum odoratissimum), oleander (Nerium
indicum), Chinese Photinia (Photinia serrulata), bamboo (Oligostachyum lubricum),
Red Robin Photinia (Photinia fraseri), and Deodar Cedar (Cedrus deodara). The
authors found the best performances for the so-called “leaf shape” (the relation
between leaf length to leaf width) between 2 and 3, for the greater leaf area and leaf
weight: between 3 and 4 dB/m. Bamboo and oleander did not exhibit good attenua-
tion, but deodar cedar presented very good attenuation at low frequencies (lower than
100 Hz and between 250 Hz and 800 Hz). On the other hand, both Photinia species
and arrowwood showed their greatest attenuation at frequencies higher than 2000 Hz.
Thus, the authors recommend using different kind of species in order to enhance the
acoustic behavior of a hedge. They obtained Eq. (6) by regression, and they propose it
for calculating the sound attenuation of hedges, in dB/m.

ALpep (dB/m) = 2.705 + 0.266 W-3.337 T-0.094 S (6)

Where:

W is the leaf weight (g)

T is the tactility; T = leaf weight/leaf area (g/cm?)

S is leaf shape; S = leaf length/leaf width (m/m)

Horoshenkov et al. [22] demonstrated the importance of the characteristics of leaves
for their acoustic performance, especially as sound absorbers. The authors worked with
five kinds of plants (Geranium zonale, Hedera helix, Pieris japonica, Summer Primula
vulgaris, and Winter P. vulgaris). The laboratory work was done using an impedance
tube (or Kundt tube). The authors also measured the thickness, weight, and area of
single leaves, the number of leaves on a plant, the volume occupied by the plant, the
dominant angle of leaf orientation, the total area of leaves by plant, the surface density
of a single leaf, and the total weight of leaves and stems. The Winter Primula Vulgaris
had the best acoustic performance, with an absorption coefficient of 0.6 or greater for
frequencies between 500 Hz and 1600 Hz. The lowest absorption coefficient was that of
H. helix, with values lower than 0.2 for all frequencies lower than 1600 Hz.
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According to Asdrubali et al. [23], the most important part of the attenuation in a
forest is provided by the ground surface. They stated: “the main absorber is the substrate
soil (... ). The presence of the plants becomes useful only when a large number of them is
installed on the sample, otherwise is even pejorative within some frequency ranges.”

On the other hand, contemporaneously, Azkorra et al. [24] obtained a weighted
sound absorption coefficient of 0.40 with the best absorption behavior at frequencies
of 125 and 4000 Hz, and the worst ones at 500 and 1000 Hz.

Li et al. [25] demonstrated that most of the sound absorption by trees is due to its
bark properties. The rougher the surface of the bark, better sound absorption perfor-
mance would be expected. When the bark had moss, the acoustic performance was
significantly enhanced. In any case, the absorption coefficients for normal incidence
in the range of 160-1600 Hz are actually low: the highest measured values were about
0.1, broadleaved trees having worse results than coniferous trees.

2.3.2 Hoover’s expression

According to Palazzuoli and Licitra [26], the attenuation of noise traveling a distance
dgthrough a dense forest can be estimated using Hoover’s expression (Eq. (7)).

& .
4 = 1007 @)

Where dy is the distance through the forest, in meters
fis the frequency, in Hz

2.3.31SO 9613-2 approach

The broadly used ISO 9613-2 Standard [5] also considers the attenuation of green
barriers as one of the sound attenuation terms, such as geometric divergence Agjy,
atmospheric absorption A,¢m, ground attenuation Ag,, presence of obstacles Ay,,;, and
miscellaneous attenuation A,,;. One of the miscellaneous attenuation phenomena is
just the propagation through foliage Ag,. The general equation is Eq. (8).

A = Agiy + Aatm + Agr + Apar + Amis (8)

The main terms for obtaining the sound attenuation, Agiy, Aatm, and Ay, are
presented below. In turn, A, is also presented.

2.3.4 Acoustic divergence Agsy,

ISO 9613-2 assumes any sound source as a point one. Then, it uses a spherical or
quadratic divergence, as presented in Eq. (9).

2
r
1
Lyy =Lyy, — 10 log (—2) 9)
"o

Where:

7o: distance in meters from the source where its emission sound pressure levels
were measured

ry: distance in meters from the source to the measuring point
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L,

L,

_-o: measured sound pressure level, at a distance ro from the source
+1- expected sound pressure level, at a distance r; from the source

2.3.5 Atmospheric absorption A,

The atmospheric absorption refers to the attenuation of sound due to traveling
through the air along a distance d. According to [5], it should be calculated by

applying Eq. (10).

a-d

Ayy =
M 71000

(10)

Where:

d: Distance in meters from the source to the receiver

«: Atmospheric absorption coefficient, expressed in dB/km in each octave band.

a depends mostly on the frequency of the sound, the temperature, and the relative
humidity of the air. Atmospheric absorption should not be greater than 15 dB at any
octave band.

2.3.6 Ground attenuation Ag;

The attenuation Ag, is mostly the result of the interference between direct and
reflected sound waves. This attenuation is mainly determined by the ground surface
near the source and receiver. The calculation method proposed in [5] is only applica-
ble if the terrain is flat, either horizontal or with a constant slope.

In order to calculate the attenuation due to ground absorption, three regions are

defined (see Figure 3).

a. source region: it is the region closer to the source, in the path from the source to
the receiver. It covers a length of 30.k,, with a maximum distance of d,,. k; is the
source height in meters, and d,, is the distance between source and receiver, in
meters.

b. receiver region: it is the region closer to the receiver, in the path from the source
to the receiver. It covers a length of 30.4,, with a maximum distance of dy. h, is
the receiver height, in meters.

c. middle region: it is the region between the source region and the receiver region.
Its length is d,, — (30.k, — 30.4,); it is not defined when d,, < (30.4, + 30.4,).

The total ground attenuation is obtained for each octave band, by adding the
attenuations occurring in the three abovementioned zones. See Eq. (11)

[s] [ v

Source region Middle region Receiver region

Figure 3.
Regions to calculate the attenuation due to ground absorption (based on [5]).
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Agr = A+ An + Ar (11)

Where:

Ag,: Total sound absorption due to ground effects (dB)

Ag: Sound absorption due to ground effects at the source region (dB)

A, Sound absorption due to ground effects at the middle region (dB)

A,: Sound absorption due to ground effects at the receiver region (dB)

ISO Standard 9613-2 [5] explains in detail how to calculate the values of A, A, and
A,. In the expressions for calculating the attenuation, the acoustic properties of each of
these zones are taken into account through the so-called “G factor.” When the sound is
expected to propagate over hard ground: G = 0; for porous or soft ground: G = 1; and for
mixed soil along the sound path, G should take a value between 0 and 1.

2.3.7 Foliage attenuation Agy

ISO 9613-2 [5] states that the foliage of trees and shrubs provides a small amount of
attenuation and only if it is sufficiently dense to completely block the view along the
propagation path.

According to [5], the attenuation of sound when propagating through a green barrier
or dense foliage of thickness dg; increases with the frequency and with dy.

The attenuation values are detailed in the Standard for dyvalues less or equal to 20 m and
greater than 200 m. For thicknesses from 20 m to 200 m, it may be obtained by
multiplying dr by a set of coefficients specified for each frequency band.

3. Case study basic information

As stated, the case study is based on [1]. The main characteristics of the case are
presented in Section 1. In this section, it will be presented in detail.

3.1 Sound sources

There are several sound sources at the industrial plant, related to equipment,
transportation, and personnel movement. Figure 4 illustrates the location of the main
sound sources at the plant.

The case study is centered only on the emissions from the main noise source in the
industrial plant: the coal processing mill. All the measurements selected to work with
are representative of this particular situation, since they were specially chosen, and
the absence of other operating sources was checked.

The measurements for characterizing the coal processing mill were taken at 12 m
distance. Table 1 presents a representative spectrum of the source emission SPL, in
octave bands. It was obtained by composing five SPL measurements, taken on
different days. The obtained values were Lap,q = 83.4 dB and L¢p eq = 84.9 dB.

3.2 Receivers

Two receivers will be considered: P1 and P2, defined as monitoring points on the
property line. Figure 5 shows their location in relation to the plant.
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Figure 4.
Main sound sources (dvawing overlapped on GoogleEarth image).

f (Hz) 31.5 63 125 250 500 1000 2000 4000 8000
Lzr12m (dB) 74.5 79.6 72.6 731 76.3 78.0 78.3 74.9 64.8
Table 1.

Sound emission spectrum of the coal processing mill at 12 m distance.

3.2.1 Point P1

Point P1 is located facing southwest of the plant, 813 m from the coal mill. Since it
is close to a neighboring house, which is temporarily occupied, it is a very important
surveillance point. Our study focuses on the results at this point to assess the acoustic
behavior of the green barrier.

The background noise at P1 was determined during the shutdown period of the
plant. It resulted in a Lpeq value of 40 dB. Its spectrum is shown in Table 2.

Table 3 presents the measured SPL at P1 when the coal processing mill was the
only noise source operating at the plant. The measured SPL were Lap, ¢q = 47.7 dB and
LcF,eq = 54.0 dB.

3.2.2 Point P2

Point P2 is located on the perimeter of the industrial property, with no nearby
houses and close to a large external afforestation. It is located facing southeast, 239 m
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Figure 5.
Relative location of the coal processing mill, P1 and P2 (drawing overlapped on GoogleEarth image).

f (Hz) 315 63 125 250 500 1000 2000 4000 8000
LzF,eq (dB) 50.7 49.4 41.7 35.0 35.4 349 30.9 32.0 24.0
Table 2.

Background noise spectrum at P1.

f (Hz) 63 125 250 500 1000 2000 4000 8000
LzF,eq (dB) 521 43.5 45.2 45.4 40.5 40.8 38.3 30.9
Table 3.

SPL spectrum measuved at P1 when the coal processing mill was the only operating noise source in the plant.

from the source. Since there are no obstacles between P2 and the coal processing mill,
it is the best point to verify the sound depletion law from the source.

The background noise at P2 was also determined during the shutdown period of
the plant. Lapeq was 50 dB. The spectrum of background noise at P2 is shown in
Table 4.
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f (Hz) 31.5 63 125 250 500 1000 2000 4000 8000
LZF,eq (dB) 56.7 59.3 49.0 44 .4 45.0 44.6 43.7 39.1 28.0
Table 4.

Background noise spectrum at P2.

f (Hz) 63 125 250 500 1000 2000 4000 8000
LzF,eq (dB) 67.1 58.2 59.2 60.7 57.3 55.1 49.6 37.3
Table 5.

SPL spectrum measuved at P2 when the coal processing mill was the only operating noise source in the plant.

Table 5 presents the measured SPL at P2 when the coal processing mill was the
only noise source operating at the plant. The measured SPL were Lap ¢q = 62.5 dB and
LcF,eq = 68.9 dB.

3.3 Green barrier
3.3.1 Description

The green barrier under study is Eucalyptus dunii, with a width of 61 m and a
length of approximately 239 m, covering a total area of 1.46 x 104 m? It is placed
between the coal processing mill and Point P1, 278 m from the mill (see Figure 6).

E. dunii is a tree with straight trunk, with dense and drooping foliage. The
projected planting technique was staggered diagonally, which is the technique com-
monly used from the agronomic point of view for planting such species of trees. It is
based on the formation of an equilateral triangle between trees. In this case, a variant
was made in such a way that the distance between trees in each row was 2.0 m and the
distance between rows was 4.0 m. In any case, it can be considered that it is a regular
planting pattern, as shown in Figure 7. Based on this configuration, there is a surface
density of 0.3125 trees/m’.

Figure 6.
Location of the tree barrier.
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Figure 7.
Staggered planting pattern.

The height of the tree barrier was measured, and the following results were obtained:

¢ Shortest trees: 8 m

Tallest trees: 11.3 m

Average height of the barrier: 10.4 m

Perimeter of the trunk at shoulder height: 61 cm

Average length of the leaves: 22 cm

Since the plantation was not created for commercial use, no pruning of root
sprouts was done. This practice increases the density of the barrier.

General recommendations Tree barrier situation

Green barriers are not suitable for controlling low The measured sound pressure levels show that C-A is
frequency noise [13] approximately 2 dB. Thus, the mill sound emissions
have no significant low frequency components.

The evergreen trees/shrubs have better acoustic It is evergreen eucalyptus. Since they are not for forest

performance than the deciduous ones [16] use, they are not pruned.

Every 10 m in depth (dense vegetation), The tree barrier is 61 m thick in the line that joins the

approximately 1 dB reduction is achieved [15] source and the receiver. In-depth attenuation of about
6 dB is possible.

The barrier will be more effective when closer to  The tree barrier is 278 m from the source and 474 m
the source [15] from the point of measurement.

Low-frequency noise has significant acoustic energy in the frequency range from 20 Hz to 100 Hz. The comparison of the
sound level on scale C with the sound level A, allows determining whether or not there ave significant low-frequency
components. Indeed, since curve A attenuates low frequencies and curve C does not, if the difference between dBA and
dBC values is not huge (C-A < 10), it will be considered that the low frequency components are not important [27].

Table 6.
Tree barrier initial check.
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3.3.2 Initial check

At first, some general conditions were checked to know if the tree plantation
would have a noticeable acoustic performance (Table 6).

The tree barrier features make possible to expect some sound pressure levels
reduction at P1.

4. Methodology

This study is based on postgraduate research by Cobo Dorado [1]. A large set of
SPL measurements were performed, using a CESVA SC-30 Sound Level Meter with
Octave Band Analyzer, Type 1 according to IEC 60651:01 and 60,804:00. Calibration
was checked before and after each measurement with a portable calibrator CESVA
CB006, Type 1. A windscreen was used in all cases. The instrument was placed on a
tripod at a height of 1.50 m.

The meteorological variables were measured at each measurement point using a
portable climatic station with a digital anemometer Speedtech WindMate 300. A fixed
meteorological station located at the perimeter of the industrial plant was used as a
local reference element. This station records every 10 minutes, date, time, wind speed
(m/s), wind direction (degrees), temperature (°C), and relative humidity (%) and air
quality parameters.

A Garmin GPS was used for georeferencing of each measurement point.

To carry out the assessment of the acoustic performance of the tree barrier under
study, the following approach has been used:

1.Based on the SPL measured values in the source and the receiver P2, the behavior
of the source was analyzed to find the depletion law of sound pressure levels. The
objective was determining if the geometric divergence law of the coal processing
mill fitted a spherical or a cylindric depletion law.

2.The expected sound pressure levels caused by the coal processing mill at P1 were
calculated, only considering the geometric divergence law obtained in the
previous step, the atmospheric absorption and the ground attenuation, i.e., the
direct propagation without considering the presence of the vegetation barrier.

3.Results were compared with those measured in P1, focusing on the possibility of
an extra attenuation due to the presence of the green barrier.

4.The expected SPL from the coal mill at P1 were calculated again, adding the
attenuation of the green barrier to the sound pressure levels calculated above.
Four different equations were used to estimate the barrier attenuation. When IL
equations for solid barriers were used, the diffractions above and along the sides
of the barrier were also considered.

5.Results were compared again with those measured in P1.

6.Conclusions about the acoustic performance of the tree barrier and which are the
better equations to predict it were found.

All the data processing was performed using electronic spreadsheets.
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5. Acoustic performance of the green barrier
5.1 Finding the depletion law of the noise source

The source’s emission spectrum measured at 12 m was propagated to obtain the
expected spectrum at P2, considering Ag;, and A, For calculating A4y, both spherical
and cylindrical propagations were tested, i.e., applying Egs. (9) and (12), respectively [1].

"
Ly, =Ly, —10 log (Vo) (12)

Where

7o: distance from the source where emission sound pressure levels were measured
(12m)

rz: distance from the source to P2 (239 m)

L,,0: measured sound pressure level, at a distance r, from the source (see Table 1)

Ly, expected sound pressure level, at a distance r; (in this case, at P2)

Since the distance from the source to P2 is further than 100 m, the atmospheric
absorption will also be considered for this comparison. The atmospheric absorption
refers to the attenuation of sound due to traveling along a distance d. According to [5],
it should be calculated by applying Eq. (10).

In this case, the average temperature and humidity conditions at P2 during the
sound pressure level measurements (Table 5) were T = 25°C and RH = 50%. The
values of a in Table 7 were taken from Miyara [28].

The results are shown in Table 8 and Figure 8. As it can be seen in Figure 8, the
linear approach fits better the measured values up to 500 Hz. Thus, the calculation
method was not that of ISO 9613-2 [5] because the divergence calculation law was
assumed to be not quadratic but linear. All the other attenuation terms were calculated
according to ISO 9613-2.

5.2 Sound pressure levels at P1, excluding the tree barrier acoustic performance

SPL at P1 were calculated by using Eq. (12). In this case, ro was 12 m and r; was
813 m.

f (Hz) 63 125 250 500 1000 2000 4000 8000
a (dB/100 m) — 0.04 0.13 0.35 0.70 1.18 2.52 7.59
Table 7.

Atmospheric absorption coefficients by octave bands for T = 25°C and HR = 50% (from [28]).

f (Hz) 63 125 250 500 1000 2000 4000 8000 Lap,eq
Lzr measured 67.1 58.2 59.2 60.7 573 551 49.6 373 62.5
Lz calculated with Eq. (9) (quadratic 53.6 46.5 46.8 49.5 50.4 495 429 238 54.8
divergence)
Lz calculated with Eq. (12) (linear 66.6 59.5 59.8 625 633 625 559 368 67.8
divergence)

Table 8.

Comparison of sound pressuve levels at P2 using two different depletion laws (all values are in dB).
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Comparison of depletion laws
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Figure 8.
Comparison of spectra obtained with linear and quadratic depletion laws and the measured spectrum.

Atmospheric and ground absorptions were also considered. Since the ground slope
between the coal processing mill and Point P1 is rather uniform (Figure 9), the
calculation approach proposed by ISO 9613-2 [5] for A, can be used.

The SPL at P1 were measured when the coal mill was the only noise source
operating in the plant. Meteorological conditions during the measurements were
considered in selecting atmospheric absorption coefficients (T = 20°C and RH = 80%)
(see Table 9).

The sound path between the mill and P1 consists of various types of soil, as
sketched in Figure 10. The length and type of surface of each one are summarized in
Table 10. The detailed method for calculating G can be found at [5].

Taking into account the height of the source h, = 3.6 m and the height of the
receiver in P1 h, = 1.5 m, the values of G for each region in Figure 3 are presented in
Table 11.

Figure 9.
Diagram of the terrain profile from the coal processing mill to P1 (obtained from Google Earth).

63 125 250 500 1000 2000 4000 8000

o (dB/100 m) — 0.03 0.10 0.28 0.52 0.90 213 6.86

Table 9.
Atmospheric absorption coefficients by octave bands for T = 20°C and HR = 80% (from [28]).

69



Management of Noise Pollution

P1
_’.’. +212
OO vl ! e
e g
. \o‘kf:hdo‘ /v
preck E2=="" 1% 37m
3 | e
Coal mill __,,-'"’f 6.0m
Lp,12m o 10m
= 813 m
Figure 10.
Diagram of the case study (not in scale).

From to Distance (m) Soil type

Coal mill End of the mill base 5 Concrete
End of the mill base Road lane 1 89 Compacted soil
Lower edge of road lane 1 Upper edge of road lane 1 10 Hard pavement

Upper edge of road lane 1 Lower edge of road lane 2 43 Soil

Lower edge of road lane 2 Upper edge of road lane 2 6 Hard pavement

Upper edge of road lane 2 Lower edge of green barrier 125 Soil/Grass
Lower edge of green barrier Upper edge of green barrier 61 Eucalyptus dunii

Upper edge of green barrier Point P1 474 Soil/Grass

Table 10.

Ground absorption characteristics.

Source region

Intermediate region

Receiver region

Length 108 m 660 m 45m

Ground Concrete/compacted soil/hard Soil/grass/trees/hard Soil/grass

coverage pavement/soil pavement

G factor Gg=0.2 G, =09 G =1
Table 11.

G values and ground coverage, by region.

The propagation from the sound source, only considering attenuation by distance,
by atmospheric absorption, and by absorption from the ground, leads to the results in

Table 12 (calculations were done according to [5]). The 31.5 Hz band was not used,
because the atmospheric absorption coefficient does not calculate the same way as it

does in higher frequencies.

When comparing the results in the first and the last row in Table 12, it appears
that the measured values are lower than the ones previously calculated, when

expressed in A-weighting scale. The difference is greater at the lowest frequency band

and at 1000 Hz and 2000 Hz bands.

According to the background discussed in Section 2, these differences reinforce the

hypothesis of an extra sound attenuation, possibly provided by the tree barrier.
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f (Hz) 63 125 250 500 1000 2000 4000 8000  Lp.q

L, measured 521 435 45.2 45.4 40.5 40.8 38.3 30.9 47.7

Lz s13m (Eq. 12) 61.3 54.3 54.8 58.0 59.7 60.0 56.6 46.5

Asem 0.0 0.2 0.9 2.3 42 73 15.0 15.0

Agr —5.4 39 6.1 3.5 -0.8 —-1.4 —-1.4 —-1.4

Lz, direct at P1 66.7 50.1 47.8 52.2 56.3 54.1 43.0 329 59.5
Table 12.

Expected results for direct propagation, without considering the tree barrier (all values are in dB).

Tunick [17] states that the trunks, branches, and crowns are the main agents that
attenuate sounds from 1000 Hz to 2000 Hz. On the other hand, according to Martinez
Sala [18], the attenuation in frequencies lower than 500 Hz is due to the destructive
interference of the sound waves when scattered in a belt of trees planted following a
periodic pattern.

5.3 SPL at P1, considering the tree barrier insertion loss (IL)

The IL can be calculated using different formulae. Once the direct sound pressure
levels Lgir have been calculated considering Agiy, Aatm and A, (see Table 12), the
sound pressure levels Lgir can be also obtained by difference, using Eq. (1). It is
assumed that the SPL at the receiver were only caused by the sound wave diffracted
by the barrier, i.e., no direct sound from the source was expected to arrive to P1. It
also must be taken into account that there is diffraction by the lateral edges, which
must be calculated and added to the previously calculated SPL at the receiver.

In this case study, IL will be calculated according to different methods, to compare
their results. The approaches to be considered are: Kurze-Anderson and thick barrier
approach, which are general expressions for solid barriers; and A, from ISO 9613-2
and Hoover’s expression, which are specific approaches for green barriers [1, 2, 5, 26].

5.3.1 Kurze-Anderson approach

This way of obtaining IL is a general one; it has not been developed for green
barriers. It is expected to overestimate the value of IL.

For a thick barrier, the value of ¢ (Figure 2) must be added to the minimum of a
and b. In this case, since b > a, thena’=a +t.

Thus, a = 278.08 m; b = 474.08 m; ¢ = 61 m; a’ = 339.08 m; d = 813.00 m.

The IL calculated using Eq. (5) and the SPL expected at the receiver are presented
in Table 13. Note that the IL for the band of 63 Hz has been considered because the
wavelength at this frequency is significantly shorter than the barrier width .

The calculated SPL at 4000 Hz and 8000 Hz were lower than the background
noise at P1; thus, they have been replaced by the background values in Table 2
(figures in green in Table 13).

5.3.2 Thick barrier approach

The verification for this case study (¢ = 61 m) is presented in Table 14.
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f (Hz) 63 125 250 500 1000 2000 4000 8000 La.q

L measured 521 435 452 454 40.5 40.8 38.3 30.9 477

Lqi: without tree barrier 66.7 50.1 47.8 52.2 56.3 54.1 43.0 329 59.5

IL K-A (Eq. (5)) 60 69 83 103 129 15.8 18.8 21.8
Expected SPL at P1 (Lg;f) 60.7 432 39.6 41.9 43.4 38.3 32 24 46.5
Table 13.

IL according to Kurze-Anderson and expected sound pressuve levels at P1 (all values are in dB).

f (Hz) 31.5 63 125 250 500 1000 2000 4000 8000

A (m) 10.92 5.46 2.75 1.38 0.69 0.34 0.17 0.09 0.04

1/5¢ (m) 12.2 12.2 12.2 12.2 12.2 12.2 12.2 12.2 12.2
Table 14.

Verification of thick/thin barrier criteria (all values are in m).

Based on these results, the green barrier could be considered a thick barrier for all
the frequencies. Eq. (3) can be used for solid barriers either thin or thick. Since it is not
developed for tree or green barriers, overestimation of IL is expected.

The IL calculated using Eq. (3) without subtracting A, and the SPL expected at the
receiver are presented in Table 15. Since the distance between the source and P1 is
greater than 300 m, K = 1. A,, has just been considered by the general attenuation
terms; it must not be subtracted twice.

Note that the IL for the band of 63 Hz has been considered because the wavelength
at this frequency is significantly shorter than the barrier width .

The calculated SPL at 4000 Hz and 8000 Hz were lower than the background
noise at P1; thus, they have been replaced by the background values in Table 2
(figures in green in Table 15).

5.3.3 Hoover’s expression

Hoover’s expression has been presented in section 2, Eq. (7). It depends on the
thickness of the green barrier and the frequency of sound.

The IL calculated using Eq. (7) and the SPL expected at the receiver are presented
in Table 16. In this case, as the main considered phenomenon is the attenuation by the
leaves and canopy, attenuation at 63 Hz would not be considered [3].

f (Hz) 63 125 250 500 1000 2000 4000 8000 LA,eq
L measured 521 435 452 454 405 408 383 30.9 47.7
Lgirect Without tree barrier 66.7 50.1 478 522 56.3 54.1 43.0 329 59.5

ILTB (Eq. (3)) without A, term 5.6 62 7.3 89 1.0 134 161 19.0

Expected SPL at P1 (Lgsf) 61.1 439 405 433 453 40.7 32 24 48.3

Table 15.
IL according to thick barrier approach and expected sound pressuve levels at P1 (all values are in dB).
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f (Hz) 63 125 250 500 1000 2000 4000 8000 L,

L measured 521 435 452 454 40.5 40.8 38.3 30.9 47.7

Lgirect Without tree barrier 66.7 50.1 47.8 52.2 56.3 54.1 43.0 329 59.5

IL H (Eq. (7)) 0.0 31 3.8 4.8 6.1 77 9.7 122
Expected SPL at P1 66.7 47.0 44.0 47.4 50.2 46.4 33.3 24 53.2
Table 16.

IL according to Hoover’s expression and expected sound pressure levels at P1 (all values ave in dB).

The only correction needed was that of background noise at 8000 Hz, in order to
avoid a calculated value lower than the measured one.

5.3.4 Ay, from ISO 9613-2 approach

For this case study, dr = 61 m. Thus, according to ISO 9613-2, the attenuation
values to be considered are presented in Table 17.

The IL due to the propagation through a green barrier or dense foliage according to
ISO 9613-2 and the SPL expected at the receiver are presented in Table 18. No values
were needed to be replaced.

5.4 Edge diffraction

When an acoustic barrier is calculated as a “conventional” one (e.g., by using
Kurze-Anderson’s approach or thick barrier approach), not only the top edge diffrac-
tion is to be considered, but also the diffraction at its sides. The SPL due to the
diffraction at its sides should be added to the expected sound pressure levels at the
receiver.

Figure 11 shows a diagram of the sides that should be considered to obtain the
diffracted SPL at the receiver. Since lateral paths are not symmetric, each of them will
be calculated separately.

f (Hz) 63 125 250 500 1000 2000 4000 8000

Agfor 20 m <dy <200 m 0.02 0.03 0.04 0.05 0.06 0.08 0.09 0.12

Table 17.
Green barrier attenuation, in dB/m (from [5]).

f (Hz) 63 125 250 500 1000 2000 4000 8000 La.q

L measured 52.1 435 45.2 45.4 40.5 40.8 38.3 30.9 47.7

Lg;; without tree barrier 66.7 50.1 47.8 52.2 56.3 54.1 43.0 329 59.5

IL ISO 1.2 1.8 2.4 31 3.7 4.9 5.5 7.3

Expected SPL at P1 (Lgif) 655 483 454 491 52.6 49.2 375 25.6 55.5

Table 18.
IL according to ISO 9613-2 and expected sound pressure levels at P1 (all values are in dB).
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Figure 11.
Diffraction lateral paths to be considered.

North edge

61m
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&
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o

Coal mill

Figure 12.
Diagram of dimensions for calculation of North side diffraction.

5.4.1 North side diffraction

Figure 12 presents the diagram to be used for calculating the North side diffrac-
tion. When Kurze-Anderson or the thick barrier approach is used, the calculated
sound pressure levels at the receiver were lower than the measured background noise.

Thus, they are negligible.
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5.4.2 South side diffraction

Figure 11 shows that before the sound reaches the South side of the barrier, it
must pass through another plantation of trees along 110 m. After reaching the barrier
under study, it has to pass through another forestation, in order to reach the
receiver. This complex path may impose greater attenuation than a single tree barrier.
Even if there are no simplified methods for calculating the SPL at the receiver in this
case, the low SPL obtained at the North side allows to expect negligible results at the
receiver.

5.5 Comparison of the results achieved by different calculation methods

Figure 13 shows the SPL in octave bands obtained for different situations and
calculation methods.

The blue lines represent the SPL measured at P1: the bottom dotted line
corresponds to the background SPL, and the solid one represents the SPL
measured when the coal processing mill was the only operating source at the
industrial plant.

The upper dotted line represents the calculated SPL without considering the tree
barrier (Lg;,).

All the other lines correspond to different calculation approaches. The green ones
were obtained by calculation with methods that consider green barriers (Hoover’s and
Ag) from ISO 9613-2); the red and orange ones correspond to the calculation methods
for solid barriers.

Comparison of results at P1

63 125 250 500 1000 2000 4000 8000
f(Hz)

o 5P| measured at P1 = = = = Background noise at P1 ===== | direct without tree barrier Expected SPL - KA

Expected SPL - thick barrier Expected SPL - IS0 Expected SPL - Hoover

Figure 13.
Comparison of results at P1.
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6. Results and discussion

The values of SPL at P2 obtained by measurement and by propagation from the
source with two different depletion laws showed that the best fitting was obtained
when considering a linear depletion. We focused our comparison on frequencies up to
500 Hz, because at upper frequencies the differences could be related to other phe-
nomena.

When using an approach similar to ISO 9613-2 to propagate the SPL from the
source to P1 without considering the eucalyptus plantation, a 12 dB difference was
found. This difference could be due to the presence of the trees, which could behave
as an acoustic barrier. The greatest extra attenuation was obtained at the frequencies
of 1000 Hz and 2000 Hz; according to Tunick [17], this is the frequency range where
the trunks, branches, and crowns have their best acoustic performance. Some extra
attenuation was also found below 500 Hz; according to Martinez-Sala [18], the dif-
ferences in this range would be attributed to the destructive interference of the sound
waves when scattered in a belt of trees planted following a periodic pattern.

For answering the question about which are the best equations to predict the
behavior of the vegetal barrier, the following results are discussed.

The best performance was expected for those formulae developed for green bar-
riers, as Hoover’s or the ISO 9613-2 correction term for green barriers. But when
calculations were done, they achieved the worst results, being ISO 9613-2 worse than
Hoover’s (see Figure 13).

Just the opposite, the best result for the green barrier IL was achieved in the thick
barrier approach, and the second in accuracy was the Kurze-Anderson approach.

In both cases, when adding the edge diffraction, the results did not exhibit any
changes, i.e., the edge diffraction was significantly lower than the upper one.

It is noticeable that the results at the frequencies where green barriers are expected
to have better performance (1000 Hz and 2000 Hz, according to [3] and [17]) are
particularly accurate in both cases. Since these methods have not been developed for
green barriers, we did not expect these results.

In order to explain these results, we think that it is possible that the sound waves
could behave as if the barrier was a solid obstacle, regarding the long distance between
the source and the receiver. Since our atmospheric measurement conditions according
to Pasquill-Gifford (see, e.g., [29]) were unstable or neutral atmosphere (wind veloc-
ities lower than 5 m/s, variable insolation conditions), this interpretation could oppose
[20], by assigning no importance to atmospheric stability conditions.

7. Final remarks

A case study about the acoustic performance of a tree barrier of Eucaliptus dunii
has been presented. Some different approaches were used in order to calculate its
insertion loss IL.

The noise source shows a linear SPL depletion law.

Also, the green barrier is performing as an acoustic one.

When comparing the data measured in P1 and the values calculated with direct
propagation but without considering the presence of trees, an extra attenuation of
approximately 12 dB with A-weighting appeared. The differences in frequencies of
1000 Hz and 2000 Hz wer even greater: 15 dB and 13 dB, respectively. For frequencies
of 500 Hz and lower, there are also differences but not as huge as the abovementioned
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ones. Since this sound attenuation could be intended as due to the presence of the tree
barrier, it confirms the hypothesis that green barriers can behave as acoustic ones.

Four options were tried for calculating the sound attenuation provided by the
green barrier. Kurze-Anderson and the thick barrier approach gave a good prediction
of SPL at the receiver, both in octave bands and for A-weighted values, especially for
frequencies between 1000 Hz and 4000 Hz, where the results without considering the
tree barrier attenuation were the least accurate. Adding the lateral diffraction did not
improve the calculated results in this case.

The best approach for calculating the green barrier IL was the thick barrier
approach and the second in accuracy was Kurze-Anderson.

The approach of ISO 9613:2 was the least accurate, worse than Hoover’s approach.

It is possible that the long distance between the source and the receiver—and also
the long distance between the source and the green barrier, makes the barrier behave
as if it was a solid obstacle, while the leaves and canopy effects become negligible.

This finding opens the possibility of successfully using the IL prediction equations
for solid acoustic barriers (both thin and thick) to estimate the acoustic performance
of green barriers, at least under conditions similar to those of this case study. Further
research should be needed to recommend wider use, e.g., for distances further than a
given one.
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Chapter 5

Infrasound Exposure:
High-Resolution Measurements
Near Wind Power Plants

Huub Bakker, Maviana Alves-Pereiva, Richard Mann,
Rachel Summers and Philip Dickinson

Abstract

This chapter focuses on infrasonic (<20 Hz) noise exposure as captured in and
around homes located in the vicinity of wind power plants. Despite persistent noise
complaints by local residents, no satisfactory acoustical event has yet been identified
to justify this troublesome (worldwide) situation. Continuous (days), high-resolution
recordings—spectral segmentation of 1/36 of an octave and 1-second temporal incre-
ments—have been acquired in many homes across the world revealing the presence of
wind turbine acoustic signatures. These consist of trains of airborne pressure pulses,
identified in the frequency domain as harmonic series with the fundamental fre-
quency equal to that of the blade-pass frequency of the wind turbine. This report
documents three such cases (Portugal and Scotland). The highest peaks of the wind
turbine acoustic signature (up to 25 dB over background noise) occurred within the
0.5-5 Hz window which is classically defined as below the human hearing threshold;
and yet these ‘inaudible’ phenomena appear to trigger severe biological reactions.
Based on the prominence of the peaks in the harmonic series, a new measure is
proposed for use in determining dose-response relationships for infrasonic exposures.
This new methodology may be applicable to infrasonic exposures in both environ-
mental and occupational settings.

Keywords: harmonic series, harmonic prominence, wind rose, 1/36-octave
bandwidth, time profile, low frequency noise, environmental noise, wind turbines

1. Introduction

Hearing loss, speech intelligibility and noise annoyance are some of the most
studied impacts of noise exposures on human health and well-being. A common
denominator of these three outcomes is the audibility of the sound. Exposure to loud
noise over extended periods of time can cause hearing impairment; noisy environ-
ments can interfere with the correct understanding of speech; and certain types of
continuous or intermittent sounds can cause people to feel annoyed by noise, which
can, in turn, exacerbate underlying disorders or diseases.
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There are, however, additional features of sonic environments that are unrelated to
the human audibility of sound, but that can also deleteriously affect human health and
well-being, specifically, infrasound (<20 Hz).

1.1 Infrasound and human health: brief overview

With the growing industrialization and mechanization that occurred worldwide in
the 1960s, infrasound in the environment began to take its toll on workers and urban
citizens. Thus, in 1973, the National Research Council of France organized an Inter-
national Colloquium entirely dedicated to infrasound [1]. One of the outcomes was
the establishment of permissible levels for infrasound exposures in the Russian Fed-
eration [2]. Figure 1 shows the legislated values for the year 2000.

With the introduction of industrial wind turbines (IWT) in mostly rural areas,
noise complaints by local residents began to emerge in the media [3, 4, for example]
and in scientific journals [5, 6, for example]. And yet, the vast majority of noise
measurements performed in and around homes near wind power plants (WPP)
showed values well within the established guidelines [7, 8, for example]. This appar-
ently paradoxical situation has even prompted some authors to assume a psychoso-
matic origin for resident noise complaints [9], or to associate these health complaints
with a lack of monetary gain from the WPP [10]. In direct contradiction to the notion
of a psychosomatic origin for these noise complaints, are the animal studies showing
increased physiological stress when living in the wild, close to WPP [11, for example],
or under laboratory conditions, simulating occupational environments [12, 13, for
example].

1.2 Frequency-weighting systems, spectral segmentation and temporal resolution
as applied to acoustical data acquisition

The ability of the human auditory system to capture sound depends on the combi-
nation of the amplitude of the pressure wave (usually evaluated in deciBels, dB,
referenced to 20 microPascal), and the frequency (Hz). Different frequencies require
different levels of sound pressure in order to be heard. Some decades ago, the Inter-
national Organization for Standardization (ISO) established a frequency-weighting
network that simulated the human hearing threshold and that was specifically focused

No. | Premise Sound pressure levels, dB,  General
in octaval bands of averaged sound
geometric frequencics, Hz  pressure level

d‘B “L' 23
2l 4] 8 16 "
1. | Different jobs inside industrial premises
and production areas:
- Different physical intensity jobs 100 | 95 90 85 100
- Different intellectual emotional tension | 95 90 85 80 95
jobs
2. | Populated arca 90 85 80 75 90
3. | Living and public premises 75 70 65 60 75

Figure 1.

Permissible levels for infrasonic exposuves (at 2, 4, 8 and 16 Hz) for two occupational and two environmental
settings. Values are provided in dB Linear (no weighting) and, as expected, are lower for public areas than for
occupational environments [reproduced from 2].
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on preventing hearing loss—the “A” frequency-weighting system [14]. The use of the
A-weighting system yields sound pressure levels in the dBA metric.

ISO has also ratified procedures for evaluating infrasound and lower-frequency
components: ISO 7196:1995(E) defines the “G” frequency-weighting system as appro-
priate for quantifying acoustic energy within the range of 0.25-250 Hz [15]. The use of
the G-weighting system yields sound pressure levels in the dBG metric. Figure 2
compares data to which A- and G-weighting have been applied. It also shows the
values when no weighting is imposed.

The environment shown in Figure 2 is within a rural home in the proximity of a
WPP, and where residents have noise complaints (see Section 2 below, Home 2). In
this 10-minute data segment, the average noise level was less than 30 dBA, well within
compliance levels for most rural areas around the world. The G-weighting system,
while over-evaluating the sound pressure levels within the range of 10-25 Hz, yielded
an average noise level of around 55 dBG. In Japan, for example, the limit for
infrasound generated by IWT is 92 dBG [16]. The unweighted capture, which mea-
sures the actual levels present in the environment, yielded an average noise level
above 60 dB. The highest peaks in this environment, measured without weighting,
occurred at frequencies below 8 Hz, i.e., below the defined threshold of human
audibility. Taken alone, it would seem that these numerical values are insufficient to
adequately characterize the instigator of these residents’ noise complaints.

In addition to showing the problematic usage of different frequency-weighting
systems, Figure 2 emphasizes two other aspects of noise measurements: the segmen-
tation of the acoustical spectrum into bands of 1/3 of an octave, and the temporal
resolution of 10-minute averages, as per ISO guidelines [14]. As for the spectral
segmentation, a higher resolution is technologically possible, but the results are con-
sidered mostly academic, since practically all tabulated values related to permissible
noise exposure levels use 1/3-octave segmentation.

1/3-Octave Spectrum Home 3 - 21 Mar 2021, 03:58H (from GPS) - Blue (cal)
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[ dB unweighted
N «BG
70 | HEEEE dBA ]
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Frequency (Hz)

Figure 2.

Comparison of acoustical data acquived with unweighted, G-weighted, and A-weighted systems (10-minute
average). Note that between 10 and 25 Hz the G-weighting sound pressure levels are defined to be higher than the
unweighted values. (See Section 2 below for detailed methodological capture of this data in Home 2).
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1.3 Goal of this report: Going beyond ISO recommendations

Could it be that the spectral segmentation into the 1/3 of an octave and the 10-
minute average temporal resolution are too coarse and rudimentary to identify
biologically-relevant acoustical phenomena, such as those emanating from WPP?

This report documents the acoustical environments captured in homes located
near WPP, using a spectral resolution of 1/36 of an octave, and a temporal resolution
of 1-second. Sound pressure levels were analyzed in dB (unweighted).

2. Background and methodology of data collection

Data reported herein were collected in Portugal in Jul-Aug 2020 (Home 1) and in
Scotland in Feb-Mar 2021 (Homes 2 and 3), at the invitation of the separate
homeowners—usually due to the onset of a pattern of debilitating symptoms which,
they claim, only began after WPP became operational in their residential areas [17]. A
two-channel sound recording device was placed in and around each home with con-
tinuous data acquisition over several days. During the sound recordings, residents
were asked to keep a date- and time-logged diary detailing the onset or absence of
symptoms, such as sleep disruption. This onset or absence of symptoms could then
be compared with changes in the sound recordings that might suggest a causal
connection.

2.1 High resolution sound recording

The recording equipment was a SAM Scribe Full Spectrum (FS) system (Sound-
scape Analytics, Palmerston North, New Zealand), Model MKk1 in Portugal and Mk2 in
Scotland [18]. It is a two-channel device with sampling rates up to 44.1 kHz, that is
designed to capture recordings of sonic environments with high precision, especially
in the infrasonic and low-frequency bands. Data streams are delivered via USB to a
Windows notebook computer and stored as uncompressed wav files to a hard disk.
GPS information is stored in the files as metadata, which also include a digital signa-
ture. Each wav file corresponds to a 10-minute (600-seconds) recording of the sonic
environment. The system can accurately record from 0.1-1000 Hz, as per the manu-
facturer frequency response of the two electret condenser microphones [19].

All measurements reported here cover the range from 0.5-1000 Hz and were
captured with a sampling rate of 11.025 kHz. All recordings included a standard
reference calibration tone at the start and end, produced with a Type I calibrator (part
of the SAM Scribe system) at 1000 Hz/94 dB.

Calibration of the SAM Scribe system rests on 1) the manufacturer’s frequency-
response curve for the microphone and 2) calibration against a certified Larsen-Davis
831 sound level meter in the range of 6.3-1000 Hz.

2.2 Homes where recordings were captured
2.2.1 Home 1: Portugal (the E. family)
Period of continuous recording: 18 Jul 2020 (00:00)—09 Aug 2020 (10:00).

Microphone location: At the foot of the bed in master bedroom (ground floor),
tripod-mounted 1.5 m above the floor.
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Figure 3.
Relative positions of Home 1 and the 19 industrial wind turbines (labeled WT in the figure) that constitute this
wind power plant. (Image adapted from Google Earth,).

Figure 3 shows the relative position of Home 1 and the WPP (19 Senvion MM92
turbines of 2 MW each, with blade length 45.2 m). The closest IWTs to the home are
numbers 11, 12, 13 and 14, at 843 m, 1085 m, 648 m, and 844 m, respectively. IWT1
and IWT19 are the furthest away, at a distance of 3422 m and 2282 m, respectively.

The E. family—Mr. E. (age 63) and Mrs. E. (age 64)—have lived amid these 19
IWT since 2016. Their health deterioration has been documented by neurological
medical reports.

2.2.2 Home 2: Scotland (the P. family)

Period of continuous recording: 24 Feb 2021 (17:30)—07 Mar 2021 (00:00).

Microphone location: Beside the head of the bed in an upstairs bedroom with a
dormer, tripod-mounted 1.5 m above the floor.

Mrs. P documented some of her symptoms from Jul 2019 to Mar 2020. Table 1
shows a 6-month sample (Jul-Dec 2019).

2.2.3 Home 3 - Scotland (The ]. Family)

Period of continuous recording: 20 Mar 2021 (16:20)—27 Mar 2021 (18:40).
Microphone location: Middle of attic bedroom, tripod-mounted 1.5 m above the
floor.
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Symptom Dates on which symptom was reported

Nausea 6 Jul, 3 Aug, 18 Aug, 12 Oct, 20 Oct, 4 Nov, 6-7 Nov, 10 Nov

Dizziness 7 Jul, 3 Aug, 13-14 Sep, 20-21 Sep, 26 Sep, 28 Sep, 24 Nov, 14-16

Paininears  5-9 Jul, 15 Jul, 18 Jul, 22 Jul, 26 Jul, 31 ul, 1 Aug, 3 Aug, 9-12 Aug, 21 Aug, 23 Aug, 13-14
Sep, 2 Oct, 4-5 Oct, 10 Oct, 17 Nov, 22 Dec, 27 Dec, 30 Dec

Sleep 2 Jul, 4 Jul, 14 Jul, 18 Jul, 22 Jul, 24 Jul, 13 Aug, 25 Aug, 13 Sep, 20 Sep, 12 Oct, 15 Oct, 3-5
disturbance ~ Nov, 17 Nov, 23 Nov

Table 1.
Six-month sample of some of the symptoms documented by Mrs. P.

Wind Power
Plant C ®l.2km
28 IWTs
Home 2

@ Homes
@ Nearest WT
Wind Power N
Plant A A
60 IWTs ° -

'_Wlfnd Power:
PlantB - @
96 TWTs

Image source:
Earthstar Geographics

Figure 4.
Relative positions of Home 2 and Home 3 and the closest industrial wind turbines of wind power plants A, B and C.

Figure 4 shows the relative positions between Homes 2 and 3, and the three WPP
located in the vicinity.

WPP A has 60 Gamesa G80/2000 turbines of 2 MW each, with blade diameters of
80 m. Itis located 4.6 km to the west of Home 2 and 14.5 km to the southwest of Home
3. It has been operational since 2011.

WPP B has 96 Gamesa G114/2500 turbines of 2.5 MW each, with blade diameters
of 114 m. It is located approximately 2.9 km to the south of Home 2 and 13.1 km to the
south of Home 3. It has been operational since 2007.

WPP C has 28 Gamesa 87/2000 of 2 MW each, with blade diameters of 87 m. It is
located approximately 9.5 km to the north of Home 2 and 2.1 km to the southwest of
Home 3. It has been operational since 2011.
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2.3 Wind data

Information on wind speed and direction was retrieved for the entire period
during which recordings were made.

In Portugal, data was obtained from the Portuguese Institute of Sea and Atmo-
sphere (IPMA [20]). Data points were requested in 10-minute increments, from three
distinct meteorological stations: at 58 km (altitude above sea level: 995 m), 12.5 km
(altitude above sea level: 642 m) and 52.7 km (altitude above sea level: 558 m) away
from the E. family home (altitude above sea level: 850 m). In Scotland, weather data
was obtained from the British National Weather Institute via the Open Weather
service [21] in one-hour intervals. The location for which weather data was obtained
was 3.5 km away from Home 2 and 7.8 km from Home 3. Wind data was time-
matched to the GPS time-stamped acoustical recordings.

3. Results
3.1 Home 1: Diary

The E. family kept a diary from 13 July through 31 July, 2020.

On 29 July at 04:00, the family’s sleep had been disrupted for several hours and Mr.
E. felt so unwell that he was compelled to take medication (benzodiazepine) (‘Severe’
episode). By comparison, on the morning of 22 July, Mr. and Mrs. E. slept
uninterruptedly until 07:00 (‘Peaceful’ episode).

Priority was therefore given to the analysis of the period between 03:00 and 06:00
(eighteen 10-minute recordings) on both these days, the choice of identical diurnal
periods helping to alleviate any extraneous differences between the two mornings.

3.2 Home 1: At 03:20 on the morning of the ‘severe’ episode (29 Jul, 2020)

Figure 5 shows the results of the sound data acquired between 03:20 and 03:30, on
the morning of 29 July, when the E. family’s sleep was disrupted and Mr. E. felt the
need to self-medicate.

Figure 5A shows a sonogram reflecting the acoustic environment inside the bed-
room over a 10-minute period (600 seconds), with 1/36th-octave-band resolution
(vertical axis) and 1-second temporal resolution (horizontal axis). The sound pressure
level at each frequency and at each second in time, is indicated in the color-coded
scale on the right (measured in dB). The yellow color of the straight, horizontal lines
visible across the image at 1.5 Hz, 2.3 Hz, 3.0 Hz, and 3.8 Hz reflect the large amount
of acoustic energy (50-60 dB) present at these frequencies. Additionally, the lack of
discontinuities in these lines indicate that the phenomena were continuously present
during the entire 600 seconds.

Figure 5B shows the same numerical data as in Figure 5A, but as a frequency
spectrum. A series of peaks is readily identifiable, occurring at the same frequencies as
the continuous, horizontal lines seen in the sonogram (Figure 5A). The mathematical
relationship between the frequencies of each peak (red dots) constitutes a harmonic
series with a fundamental frequency of 0.76 Hz (0.8 Hz in the figure).

In all 18 recordings (from 03:00 to 06:00, 29 Jul), the sonograms presented similar,
continuous horizontal lines and, in all corresponding spectrograms, the same harmonic
series (fundamental at 0.76 Hz) was visible. The blade-pass frequency of the IWT

87



Management of Noise Pollution
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Figure 5.

(A) Sonogram showing the sonic environment inside the master bedroom of home 1 (on 29th Jul when sleep was
disrupted and medication was required) over a 10-minute period (600 seconds), with 1/36-octave band
resolution (frequency’ on vertical axis) and 1-second temporal vesolution (‘time’ on horizontal axis). The color-
coded scale on the right measures sound pressure level in (unweighted) dB. Continuous (over the entire 600-second
interval), horizontal lines cross the image at 1.5 Hz, 2.3 Hz, 3.0 Hz, and 3.8 Hz with a pressure level of 5060 dB.
(B) Spectrogram in the form of a frequency distribution, constructed with the same numerical data as in

Figure 5A. A harmonic series is identified when the frequencies of each peak (red dots) are multiples of the
fundamental frequency of 0.76 Hz (0.8 Hz in the figure).

installed around the home of family E. is 0.75 Hz. The harmonic series identified in
Home 1 is the acoustic signature that emanates from these machines, and that reflects
the airborne propagation of a pulsed, pressure wave generated by rotating IWT blades.
This IWT acoustic signature occurs below the threshold of human audibility.
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3.3 Home 1: At 04:00 on the morning of the ‘peaceful’ episode (22 Jul, 2020)
In Figure 6, the sonic environment in the master bedroom of family E. is shown, as
captured between 04:00 and 04:10, on the morning of 22 July, when the E. family

slept peacefully. The lack of continuous, horizontal lines throughout the sonogram
(Figure 6A) is notable, as is the absence of regular peaks in the corresponding

Home 1 - 22 Jul 2020, 4:00am - Blue (cal)
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Figure 6.

(A) Sonogram showing the sonic environment inside the master bedroom of Home 1 (on 22nd Jul when no sleep
disruption occurred) over a period of 600 seconds—With 1/36-octave band resolution, 1-second temporal
resolution—and pressure levels in dB as indicated by the color-coded scale. The triangular, pink shapes that span
various frequencies ave due to blowing wind, and do not exceed 50 dB. Continuous, hovizgontal lines as observed in
Figure 5A are absent. (B) Spectrogram without any regular, large peaks of acoustic energy in the infrasonic
range. Harmonic series, as velated to IWT acoustic signatures, are absent.
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spectrogram (Figure 6B). The triangular, pink shapes that span various frequencies in
the sonogram are due to blowing wind, and do not exceed 50 dB. In all 18 recordings
(from 03:00 to 06:00, 22 Jul), no IWT acoustic signature was identified.

3.4 Homes 2 and 3

Regrettably, the residents of these Homes were not sufficiently assiduous with
their diary entries so that health-related information could be compared with simul-
taneous recordings.

Homes 2 and 3 have three different models of IWT among the 3 WPP located in
their vicinity, as opposed to Home 1 that only had one type. For asynchronous
(constant with varying wind speeds) IWTs, each model will have its own blade-pass
frequency and, therefore, their acoustic signatures will be different.

Figure 7 shows the sonogram and spectrogram of the sonic environment captured
in the attic bedroom in Home 3. The very clean and continuous horizontal lines that
extend throughout the 600-second recording (Figure 7A) reflect the existence of a
prominent IWT acoustic signature. This is confirmed by the sequence of peaks that
constitute the harmonic series, as can be clearly identified in the corresponding spec-
trogram (Figure 7B). The two harmonic series (i.e., IWT acoustic signatures) identi-
fied in Home 3 are also present in Home 2, as can be seen in the spectrogram in
Figure 8.

Figures 7B and 8 show very similar examples of dominant IWT acoustic signa-
tures. The harmonic analysis highlights a harmonic series with a fundamental fre-
quency of 1 Hz (0.99 Hz in the figures) and at least the first 19 harmonics. The
Gamesa 80 and 87 IWT models have a blade-pass frequency of 1 Hz. A second
harmonic series is identified with a fundamental frequency of 0.67 Hz. The blade-pass
frequency for the Gamesa 114 model is 0.67 Hz. A separate harmonic series begins at
20 Hz from an unknown source, possibly the IWT gearboxes.

4. Discussion
4.1 Sleep disruption and the prominence of harmonic peaks

The harmonic series observed in all 18 samples of the ‘severe’ episode, and that
were absent in all 18 samples of the ‘peaceful’ episode, is recognized as the IWT
acoustic signature with a blade-pass frequency of 0.75 Hz. The acoustic signature
generated by an IWT is a train of pressure pulses, with a period equal to the reciprocal
of the blade-pass frequency of the IWT. It presents as a harmonic series of peaks in the
infrasonic region of a spectrogram, visible in Figures 5B, 7B and 8, while absent from
Figure 6B. In the sonograms, the IWT acoustic signature is present as continuous
horizontal lines, as seen in Figures 5A, and 7A, while absent from Figure 6A.

This new, high-resolution methodology for assessing infrasonic environments is
analogous to transitioning from a magnifying glass to a microscope. Previously
undetected acoustic events are now identifiable and, even, quantifiable (see Sections
5.2 and 5.3 below). What was undetectable—and thus assumed to be non-existent,
presumably justifying a psychosomatic origin for resident complaints—using the
classical noise assessment methodologies (1/3-octave band segmentation in 10-minute
averages and with sound pressure levels measured in dBA or dBG), became visible
with high-resolution observations.
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Figure 7.

(A) Sonogram showing the sonic environment inside the attic bedroom of Home 3 over a period of 600 seconds,
with 1/36-octave band vesolution, 1-second temporal resolution, and pressure levels in dB, as indicated by the
color-coded scale. Continuous, horizontal lines are readily observable at frequencies below the threshold of
audibility, and that reflect the existence of IWT acoustic signatuves. (B) Spectrogram showing the two most
prominent harmonic series, with fundamental frequencies at 0.67 Hz and 0.99 Hz, reflecting IWT acoustic
signatures from different IWT models, with different blade-pass frequencies.

Despite being at frequencies and sound pressure levels that are classically consid-
ered as ‘below the human hearing threshold,” a very clear correlation has been shown
between the existence of these peaks in the frequency spectra and disruption of the
normal biological function—sleep disruption followed by the need for self-medication
with benzodiazepines. Nevertheless, while the correlation is very clear, the confidence
of the correlation is reduced by the relatively small timeframe. Improved confidence
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Figure 8.

Spectrogram showing the sonic environment inside the upstairs bedroom of Home 2, over a period of 600 seconds,
with 1/36-octave band resolution and 1-second temporal resolution. Two of the most prominent harmonic series
are veadily identifiable, with fundamental frequencies at 0.67 Hz and 0.99 Hz, reflecting IWT acoustic signatures
from different IWT models, with different blade-pass frequencies.

can only come from more work to extend the use of this measure to many other cases
(an ongoing endeavor by these authors).

The question as to how these infrasonic acoustic events can cause the biological
disruption is still unclear. Studies by German scientists, however, using functional
magnetic resonance imaging—while exposing subjects to infrasound—may have
uncovered a significant clue: in addition to activating the classically identified audi-
tory pathways, infrasonic stimuli also activate regions of the brain that are considered
responsible for emotional and autonomic responses [22].

4.2 Prominence of the harmonic peaks—A new metric?

The prominence of these harmonic peaks above the background noise appears to
be highly relevant for health-related issues. Figure 9 depicts a harmonic series as
identified in an IWT acoustic signature, an airborne train of pulses occurring within
the 0.5-5 Hz window. Note that the persistent or continuous existence of this type of
harmonic series ties this acoustic event to human-made sources because the manifes-
tations of such harmonic series from natural sources are exceedingly rare. There is no
established methodology to quantify the prominence of these peaks.

A new metric is herein suggested; one that may more accurately provide a
measure of the “dose” of this pulsed agent of disease. We have called this measure the
Harmonic Prominence, H,, defined as the largest prominence of any harmonic
frequency of any harmonic series, within the 0.5-5-hertz frequency window. In
Figure 9, H,, = 17 dB, at 1.5 Hz. In the specific case of IWT, only harmonic series with a
fundamental frequency equal to the IWT blade-pass frequency are considered. In the
specific case of the data acquisition methodology detailed above, the highest promi-
nence of the harmonic series is determined in temporal segments of 600-seconds.

There are a variety of mathematical definitions, methodologies and software
packages associated with quantifying peak prominence above background, for almost
any and all types of wave phenomena. These authors have adhered to the formal
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Figure 9.

Determination of prominence levels based on 1/36-octave frequency bands. The largest prominence, H,, (see text),
in this series is approximately 17 dB over background. (Numerical data for this figure were obtained in Home 1,
during the ‘severe’ episode).

definition of prominence in a frequency spectrogram as established by MATLAB
which has a robust definition of prominence in terms of the peak height and the local
background level [23].

The H,, parameter does not measure the total energy of the pulses in the pulse train
that emanates from IWT. This energy is spread out over all the harmonic components
of the pulses—the peaks in the spectrogram—whereas the measure only looks at the
peak with the largest prominence. Therefore, H, cannot be considered as an energy
measure.

Another approach would be to look in the time domain, rather than in the fre-
quency domain. Here a measure such as the crest factor could be used to gain a
measure of the ‘peakiness’ of the pulses, using their total energy. These additional
avenues of research are undergoing further scrutiny by these authors and their col-
leagues [17].

4.3 Day-time plots—Evaluation of long-term infrasound exposures

The H, parameter can provide health scientists with a rudimentary indicator of the
largest prominence above background that exists within a 10-minute measurement.
When continuous measurements are maintained over several days (or weeks), a
clearer picture regarding the long-term variation of exposure to these trains of pulses
is revealed.

Figure 10 shows a Day-Time plot for the data collected in Home 1, 18 Jul-09 Aug,
2020. Here Hj, is plotted as a surface with the date as the abscissa and the time of day
as the ordinate. For each 24-hour period, there are 144 ten-minute samples. The
values of H, were determined for each 10-minute sample, and then binned (scale:
<5dB, 5-10 dB, 10-15 dB, 15-20 dB, 20-25 dB and > 25 dB), as reflected by the color-
coded scale in Figure 10.

Similar day-time plots were constructed for Homes 2 and 3, as shown in Figures 11
and 12, respectively. While these types of plots are informative as to the time and
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Figure 10.

Day-time plot for Home 1. The ‘severe’ episode took place on 29th Jul, while the ‘peaceful’ episode took place on
22 Jul. The nights of 18 Jul and 4 Aug also show the presence of prominences. The ‘peaceful’ morning (22 Jul) has
only one 10-minute sample with a significant H, level. The following two mornings also appear to have no
significant H, samples but weve not noted in the vesidents’ diary as either peaceful or disturbed. The severe’
morning (29 Jul), from 3 am until about 9 am shows up in stark contrast to the other mornings, indicating not
only that the H, levels were high but also that they were the highest in the entire length of the recovding. The night of
4 Aug also shows an interval of 10-minute samples with severe H, levels. Since the vesidents’ diary stops on 31 Jul
their experience on this day was not recovded. Finally, the night of 18 Jul shows elevated H,, levels from midnight
onwards, although these did not reach the same levels as for 29 Jul or 4 Aug. The Es' diary entry for 18 Jul at 04:00
indicated that the “noise was unbearable” and “sounded like a derailing train.”

duration that people are exposed to higher or lower levels of Hy, it is still important
to view the sonograms to get a true understanding of the nature of the sonic
environment at that point in time. For example, it is not possible from this graph alone
to determine if the lower H,, levels seen in Home 2 on the morning of the 27th
(Figure 11) are caused by the presence of a higher background noise level or whether
the levels of Hy, were actually diminished.

Note that not all the 10-minute intervals where the Hy, is shown as 0 (black) are, in
fact, 0. Impulsive sound—caused by such events as people walking over a floor or a
door closing—can contaminate an entire 10-minute recording since the impulse is
spread over longer and longer time intervals as the frequency of the 1/36-octave bands
decrease.

To use the H, measure as part of a dose-response metric, the simplest method
would be to integrate it over time, i.e., multiply each value by 10 minutes and sum for
a metric in decibel-minutes. Long-term exposure might be measured in decibel-years.
Future research might even develop infrasound dosimeters for workers, similar to
those used for radiation exposures.

Comparing the infrasonic environment in Home 1 with those encountered in
Homes 2 and 3, a major difference becomes obvious: in the latter two homes, periods
of respite (black areas in the day-time plots) are almost non-existent. Periods of
respite are understood as biological recovery times, during which the agent of disease
is not present and physiological cellular repair can be undertaken unimpeded by the
acoustic aggressor. In Home 1 there is the possibility of comparison between the
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Figure 11.

Day-time plot for Home 2. A visual inspection shows that the H, was most dominant from the 2nd through the
morning of the 6th reaching its highest value at avound 3 pm on the 3vd, with H, between 25 and 30 dB above
background.
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Figure 12.

Day-time plot for Home 3. The most dominant episodes, i.e., highest level of H,, were at night. The mornings of
the 215t and 22nd registered the strongest H, (20-25 dB), while the morning of the 27th presented with the
weakest.

periods of time when the IWT acoustic signature is present and when it is absent.
Clearly, this is a much more difficult proposition in Homes 2 and 3, where the H, level
indicates that IWT acoustic signatures are almost always present, to a greater or lesser
extent (color-coded scale).
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4.4 Harmonic prominences wind roses

Airborne sound propagation is affected by wind and weather conditions. In addi-
tion to the obvious fact that wind ‘carries sound,’ thus reducing attenuation down-
wind, other atmospheric properties can greatly alter both the propagation and
attenuation of sound. For instance, increasing humidity will improve propagation,
while atmospheric inversion layers can create ‘dead zones’ where sounds will not be
heard despite proximity to the source. Beyond these effects, the propagation and
attenuation of infrasound differs in some important respects from sound at higher
frequencies. While higher-frequency sound diminishes by 6 dB per doubling of
distance—the inverse-square law—infrasound only diminishes by 3 dB. Infrasound is
also more prone to refraction around large objects such as hills and to being funneled
down valleys.

A data fusion of meteorological data (wind direction) and acoustic data (H;) can
provide insight into these weather- and terrain-induced differences that can signifi-
cantly influence Hy, levels. A harmonic prominence wind rose, which takes its inspira-
tion from the common wind rose, is the nomenclature given to this data fusion. An
example can be seen in Figure 13, reflecting data obtained in Home 1.

The H,, wind rose is a stacked, frequency histogram plotted in polar coordinates. It
shows the number of 10-minute samples with an H, in each dB-level bin in the
direction of the then-prevailing wind. Each bin is identified by a color and the number
of samples is indicated by the length of each segment in the radial direction. This
provides important information if, for instance, the strongest levels of Hj, align with a
given wind direction.

The closest national meteorological stations must be used to provide wind data if a
certified weather station is not available at the site of the sound recordings. This may
be problematic since many weather services do not provide data at the closest weather

Blade-Pass (0.76 Hz) Harmonic Prominence Rose - Home 1 - Blue
N
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B 15-20 dB
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Figure 13.

Harmonic prominence wind rose for Home 1. Data refers to the 18 samples examined during the ‘severe’
episode. The highest Hp levels (yellow) were registered when wind was from the north-eastern quadrant. (Wind
data from weather station located 12.5 km from Home 1).
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station but rather synthesized weather information, using their proprietary weather
models. The wind direction provided is, therefore, not necessarily the same as at the
recording site. Moreover, the wind direction at the hub-height of the IWTs may not be
the same as at the height of the weather station or the home. The wind direction
cannot, therefore, be said to indicate the direction of the source of the IWT acoustic
signature in relation to the home.

While the wind direction can provide some understanding, the windspeed may
also have a tale to tell. This leads to H, wind roses plotted for data within wind-speed
ranges. Examples are shown in Figures 14 and 15 for three ranges. The left graph is a
H,, wind rose for all 10-minute periods in the recording interval when the wind was
between 0 and 10 km/h, the middle graph is for wind speeds of 10-30 km/h and the
right graph is for wind speeds of 30-60 km/h.

The fact that the multi-day recording in Home 3 does not include any wind from
the eastern half of the compass emphasizes the fact that a reasonable sampling of wind
conditions will involve recordings from throughout the year to cover all seasons.
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Figure 14.

Harmonic prominence wind roses for three wind-speed ranges for Home 2. The strongest H), is at the lowest
windspeed, and this is most consistently dominant when the wind is between southwest and north-novtheast; i.e.,
the sectors of the wind rose in these directions are almost entively made up of 10-minute intervals where the H, was
between 15 and 20 dB (red). By comparison, where the wind was from the northeast, only about 15% of the sound
files have this level. At the highest windspeeds, no instances of 15-20 dB H, can be seen.
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Figure 15.

Harmonic prominence wind roses for three wind-speed ranges for Home 3. The strongest H), is at the lowest
windspeed and this is most consistently dominant when the wind is from the west through to novthwest. That is, the
sectors of the wind rose in these divections are almost entirely made up of 10-minute intervals wheve the H, was
between 20 and 25 dB (orange). By comparison, where the wind was from the southwest, only about 1/3 of the
sound files have this level. At the highest windspeeds, no instances of even 15-20 dB H,, can be seen.
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The inverse dependence of H, on wind speed is because the wind noise increases
with wind speed, thus increasing the levels of background noise—including in the
infrasound region. The sound pressure levels of the IWT pulses, however, remain
constant. Thus, H, will have lower values (see Figure 9). The unanswered question is
whether the human brain processes the information of the IWT acoustic signatures
when these appear obscured by, or embedded in, the increased background noise, as
measured by a machine.

4.5 The position of other authors

In this type of scientific endeavor, it is normally expected that the work of other
authors also be presented to form a context and allow a comparative analysis of results
obtained and/or of the methodologies used. Regrettably, most, if not all, papers on
infrasound are conducted with a Y5-octave resolution, which immediately precludes
any data comparison with that presented here. Due to a variety of conditioning factors
that have been in place for decades, sound level meters readily available on the market
do not possess the technical capabilities for this type of data acquisition and subse-
quent analyses. Simultaneously, many of the health-related aspects that are studied
within the context of IWT are restricted to measures of “annoyance” (a non-clinical
and highly subjective parameter) or to the audibility of the sound, neither of which
are very relevant to the results presented here.

In 2018, the World Health Organization (WHO) published a document titled:
Environmental Noise Guidelines for the European Region [24]. The word “infrasound”
has one single entry, on page 85, under the section heading Wind turbine noise:

“Wind turbines can generate infrasound or lower frequencies of sound than traffic
sources. However, few studies relating exposure to such noise from wind turbines to
health effects ave available. It is also unknown whether lower frequencies of sound
generated outdoors are audible indoors, particularly when windows are closed.”

These and other statements reflect a profound misunderstanding of the importance
of the time-profile of an exposure to sound as it relates to biological responses (e.g.,
traffic does not produce harmonic peaks with a one-second pulse rate). However, in
defense of this position taken by the WHO, it must be acknowledged that the method-
ologies it uses for assessing sound necessarily preclude the observation and identifica-
tion of harmonic series associated with IWT. The suggestion that the audibility of
infrasound levels (in itself, an oxymoron by classical definitions) can be mitigated by
closed windows clearly indicates a profound lack of knowledge on the physical attri-
butes of propagating airborne pressure waves within the infrasonic range [25-27].

5. Conclusions

This chapter provides a different approach to the measurement and analysis of
infrasound in and around homes located in the proximity of wind power plants.
Examples show how using higher temporal- and spectral-resolutions (1 second and
1/36 of an octave), and without any frequency weighting, can reveal acoustical fea-
tures in the infrasonic range that may indicate a causal relationship with self-reported
medical symptoms. This possibility is usually considered non-existent since the infra-
sonic range is generally viewed as inaudible, and thus innocuous, to humans. The
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suggestion therefore arises that current noise protection procedures are insufficient to
protect public and occupational health. The approach used by these authors offers a
more solid framework with which to pursue the establishment of dose-response
relationships for infrasonic exposures. Future studies are being extended into noisy
occupational environments and different environmental settings where wind power is
not the acoustic source.
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