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1 FOREWORD 
 
In summer 2007, Finavia Corporation decided to conduct a literary study of the 
effects of aircraft noise. The purpose was to obtain an overview of research 
published in recent years, research methodology and results. This study was 
completed in 2008. In 2016, Finavia decided to revise the 2008 study. The revision 
mainly focused on new research concerning aircraft noise. 
 
Finavia ordered the 2008 study from Kari Pesonen Consulting Engineers Ltd 
(Insinööritoimisto Kari Pesonen Oy), based in Helsinki. It also ordered the revision 
from the same company. Kari Pesonen, the author of the study, has prepared a 
number of similar studies, for example, for the Ministry of Social Affairs and 
Health and its predecessors, as well as the Ministry of the Environment. The most 
notable studies include the proposal for the 1979 noise guidelines of the National 
Board of Health13 and proposals for noise guidelines published in 1997, 2003, 2005 
and 2007 and their guide of application, as well as the extensive study “Ympäristö-
melun haittojen arvioinnin perusteita” (Basis for assessing the harmful effects of 
environmental noise). 14, 15, 16, 17, 19,  82 Kari Pesonen also participated in the 
preparation of the noise section of the decree on housing health (545/2015)96 and 
the preparation of its implementation instructions17. 
 
In addition to consulting, Kari Pesonen is also specialised in noise in the field of 
education. He taught noise control in the environment and industries at the Helsinki 
University of Technology in 1982–2004 and acoustics at HTOL/Stadia (nowadays 
Metropolia, Helsinki University of Applied Sciences) in 1978–2007. Kari Pesonen 
is also well-connected within the international researcher and specialist community. 
As an indication of this, the Institute of Noise Control Engineering (INCE–USA) 
appointed him Distinguished International Member. 
 
 
Mikko Viinikainen, vice president of sustainability and environment, has acted as 
Finavia’s contact person. 
 
 
 
Contact information: 
 
Insinööritoimisto Kari Pesonen Oy  
    – Kari Pesonen Consulting Engineers Ltd 
Sorvaajankatu 9 A 341 
00880 Helsinki 
 
 
Kari Pesonen: +358 400 423 728 
Email:  
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2 ABSTRACT  
 
Human life expectancy has increased. At the same time, the time during which 
people are exposed to various health factors has also increased. As life expectancy 
has increased, the health policies of many countries have focused more on 
morbidity, its underlying reasons and its reduction. In addition to morbidity and its 
management, more attention has also been paid to the quality of life. Noise in the 
living and working environment has been defined as one of many factors that have 
an impact on morbidity and the quality of life. A low quality of life is known to 
increase morbidity, while a high quality of life is known to reduce it. This has been 
one of the motives to study the effects of long-term noise exposure on morbidity 
and the quality of life and the living environment in more detail. 
 
The morbidity-increasing effect of noise is usually very low in living environments 
where the noise level is normal compared with all the diseases caused by all factors 
combined, such as hypertension, to which noise exposure in the living environment 
is known to contribute to some extent. 
 
The effect of noise on the quality of life and the living environment, as assessed by 
those exposed to noise, is much more significant and obvious than its estimated 
effect on morbidity. The effect of noise on the quality of life and the living 
environment, as well as on subjective wellbeing, is mainly studied by means of 
social surveys. The results depend on the types of questions asked. Considering 
research, this means that it is important to define what types of indicators are used 
to measure the dependence of the quality of life and wellbeing on noise and how 
sensitive these indicators are. It is difficult to interpret different results because we 
do not have any objective references, to which the type or magnitude of the quality 
of life and wellbeing can be compared. All we have are verbal assessments or 
scores on some scale. 
 
Annoyance, i.e. the harmful effect of noise in the living environment assessed by 
people exposed to noise, has become the most important factor of the harmful 
effects of noise when assessing the acoustic quality in the living environment. 
Currently, sleep disturbance is considered to be the most significant harmful effect 
caused by noise. These two factors, annoyance and sleep disturbance, have been 
defined as the main effects caused by environmental noise, for example, in the 2002 
EU environmental noise directive.  
 
The literature has presented a number of responses to how the intensity and 
prevalence of these two factors depend, according to different studies, on noise and 
noise exposure. This study presents these responses and information about these 
different studies. The studies, which these responses are based on, have mainly been 
conducted in countries with less seasonal variation, fewer changes in the way of life 
according to the seasons and lower effects of seasonal variation on the production 
and reduction of noise by distance than typically in Finland. 
 
Most studies on the impact of noise have estimated the intensity of noise exposure 
on the basis of calculated noise levels. In some studies, the estimated noise 
exposure is based on fairly short-term measurements. There can be significant 
variation between noise levels that have been measured using different models and 
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methods and at different times. This is one of the reasons that explain why there is 
such high variation in the effects in different studies and how the intensity of noise 
only covers a small part of the variation in the effects. Another reason is that, in 
many studies, only a very small number of people (for example, only 15 people) 
have been used in living areas exposed to different noise levels. If there are five 
people suffering from hypertension (odds = 5/10 = 0.5) in place of two (odds = 2/13 
= 0.154) in such an area, the difference in risks is high (OR = 0.5/0.154 = 3.25) in a 
mathematical risk analysis, but it can result from chance, not from noise exposure, 
as the sample size is so small. 
 
Legal provisions require that effects on animals and nature be also addressed in land 
use planning and environmental permit processes. Even though the effects of noise 
on animals and nature have been studied extensively, much less is known about 
these effects than about the effects on people. The sensitivity of auditory perception 
(the threshold of hearing) of most animals living on the planet is not even known, 
i.e. what is the lowest sound level heard at different frequencies. Even less is known 
about the auditory perception of insects and their exposure to noise. Studying the 
noise effects experienced by animals is difficult because noise production mostly 
requires that people and/or noise-producing equipment are in or moved around in 
the living environment being studied or close to it. Many studies conclude that, in 
relation to noise production, people staying and moving around causes higher 
disturbances than the noise itself. 
 
Sound insulation in a building shell (and how windows are kept open) has an 
impact on the intensity of noise entering a building from outdoors. Some effects, 
such as the prevalence of sleep disorders caused by noise from outdoors, depend, at 
least in principle, on the noise-reducing effect of the building shell. However, 
measured indoor noise levels that expose people living in buildings to noise and the 
annoyance caused by noise in the living area depend to a very small extent on the 
sound insulation capacity of the building shell. 
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3 INTRODUCTION 
 
Noise in the living environment and its effects have been studied extensively. The 
first known study of noise in cities was conducted in 1929.1 The first known survey 
of noise pollution was conducted in 1943.2 In 1996, there were more than 350 
studies reported in international literature, and the number was more than 350 in 
2002.3, 4 Currently, a couple of hundred reports on the effects of environmental noise 
on health are published annually.* For example, the PubMed† database for 
professional health journals includes 296 research articles published in 2016 with 
the search term “health effects environmental noise” and 16 articles with the search 
term “health effects aircraft noise.” The ScienceDirect‡ database of the publishing 
company Elsevier for its own publications includes 233 articles published in 2016 
using these search terms. Corresponding figures in 2017 were 197, 15 and 371 
respectively. At the turn of 2016/2017, Google Scholar§, a search engine for 
scientific publications, found roughly 6,500 articles on health effects published in 
2016 that concern or mention aircraft noise. The corresponding figure for articles 
published in 2017 was 4,060. 
 
The first extensive (N** = 3,635) study of annoyance caused by aircraft noise and its 
underlying factors was conducted in the USA in 1953.5 The reasons for the study 
were that, due to two successive aircraft accidents,6 the unexpectedly strong 
negative reactions of the public towards air traffic and aircraft noise led to the 
temporary closing of an airfield. The main purpose of the study was to identify the 
reasons for these strong reactions. The main reasons were fears associated with air 
traffic resulting from safety risks and increased aircraft noise, which was not 
addressed sufficiently.7, 8, 9 Aircraft noise studies conducted in the 1950s and 1960s, 
for example, caused the aviation authorities to confirm the first type approval limits 
for aircraft noise emissions.10 As is known, noise requirements for type approvals 
have since become stricter. 
 
The aforementioned 1953 study can be regarded as a landmark study of annoyance 
caused by aircraft noise. There was a need for a variable that measured the 
negativity associated with noise experienced by people exposed to noise, as well as 
for a method that could be used to study and explain reasons for this negativity. The 
survey methods standardised for use in behavioural sciences and the multivariate 
analysis of responses offered a ready-made toolkits. It was only necessary to carry 
out tests to identify valid and reliable questions. Mathematical methods were already 
available.11, 331, 330 
 
In studies conducted in the 1950s and 1960s, annoyance caused by aircraft noise was 
considered to depend not only on the intensity of noise, but also on many other 
factors and conditions, such as:  

                                                      
*  Currently, it is a common practice to publish results of a single study in several versions in 

different publications, such as professional journals and publications of the Library of 
Congress. This increases the number of publications found by search engines. 

†  https://www.ncbi.nlm.nih.gov/pubmed  
‡  http://www.sciencedirect.com/  
§  http://scholar.google.fi/, search words: aircraft+noise+health+effects  
** N means the number of (accepted) respondents to surveys. In studies of morbidity risks, N 

includes people not exposed to noise, in addition to people exposed to noise, i.e. a control 
group, i.e. a cohort of non-exposed people, or both figures are presented separately. 
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 Different disturbance effects, such as self-assessed, i.e. subjective, and 
objectively measured intensity of sleep and speech interference. 

 The intensity and type of attitudes and fears related to air traffic safety risks, 
such as possible air crashes. For example, the high noise of an overflight 
increases fears associated with them. 

 Estimates, assumptions and beliefs that aircraft noise is hazardous to health 
and wellbeing. 

 Estimates, assumptions and beliefs that air traffic operators are acting in 
breach of regulations or not in the best interests of people exposed to noise. 
This deals with general distrust towards fairness and openness.  

 How important or unimportant, or negative or positive, do people exposed to 
noise consider air traffic operations to be in general, in particular, 
concerning their neighbourhood or region? 

 
It is a well-known fact that aircraft, jet aircraft in particular, are noisy, and that 
people living close to airfields and flight routes have complained about aircraft 
noise. This explains that the majority of studies on the effects of noise on the living 
environment have focused on aircraft noise. Studies have produced good results. 
Modern jet airliners generate less noise than previous aircraft generations and their 
noise footprints12 are smaller. In addition, noise zones in many civilian airfields have 
decreased, even though the number of operations has increased. 
 
During the past few decades, studies on the effects of noise have shifted more 
towards such effects that are considered to be significant in the light of morbidity 
and the quality of life. This study focuses particularly on the annoyance caused by 
aircraft noise and the effects on sleep and cardiovascular diseases, learning 
environments, animals and nature, and the noise-abating effects of building shells 
considering aircraft noise. 
 
This study only covers effects that have been proven to be valid, such as exposure–
response relationships or statistical risk figures, regarding the intensity of aircraft 
noise or exposure to aircraft noise. For example, speech interference caused by 
overflights is an effect, for which no generally accepted responses exist. Therefore, 
speech interference caused by aircraft noise have not been studied separately. 
 
In Finland, the aforementioned studies of aircraft noise conducted in the 1950s and 
1960s meant, for example, that, in my proposal for the 1979 noise guidelines of the 
National Board and Health,13 annoyance was considered to measure other effects 
than disturbance effects, which represent or measure the effects of noise on activities 
or the ability to carry out activities. These practices, corresponding with the 
international terminology of effects, were continued in the guidelines and guides of 
the National Agency for Welfare and Health (currently the Ministry of Social 
Affairs and Health). These have been published based on my proposals or as 
reports.14, 15, 16, 17, 18, 19, 82 This study follows this terminology. 
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4 THE EFFECTS OF NOISE 
 
Noise, or rather exposure to noise, produces various effects. These effects are 
referred to as reactions or responses to noise. A response is often regarded as a 
dependence of the intensity or prevalence (generality or spread) of an effect on the 
intensity or other feature of noise. Most studies deal with the effects of noise on 
people and their living environment. Noise is also known to affect animals and 
nature. Effects on these have been discussed in more detail in Chapter 4.17. 
 
Noise, including aircraft noise, differs from other factors that have an impact on 
health, enjoyment and the quality of the living environment, such as ionising 
radiation, chemicals* or particulates, in that there is a special sense to identify it – 
auditory perception. People exposed to noise can assess reasons for it and its 
characteristics and recover images of their assessments of past noise, the reasons for 
it and its characteristics. There can easily be conflicting situations, particularly, 
when assessments of noise or its effects, as reported by the party responsible for the 
specific noise, noise researchers or the authorities, do not correspond with what 
people exposed to that noise hear or experience, or assume to hear and experience 
in the future. 
 
Noise effects are often divided into auditory and non-auditory effects. For example, 
any permanent or temporary loss of hearing caused by noise is an auditory effect, 
whereas annoyance and sleep disturbance are examples of external effects that, 
according to the current understanding, do not have any direct impact on auditory 
perception. 
 
 
During the past 100 years, human life expectancy has increased dramatically. As a 
result, more attention has been paid (or is forced to have been paid) to 
environmental effects that increase morbidity and help to explain underlying 
reasons for illnesses and to reduce morbidity. Noise in the living or working 
environment has been defined as one factor affecting morbidity. High continuous 
noise increases morbidity. 
 
In recent years, more attention has been paid to the quality of life and the living 
environment, and to the significance of this quality as a factor increasing or 
reducing morbidity.20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 56, 35, 36, 37, 38 A low quality 
of life and the living environment has been found to increase morbidity, while a 
high quality reduces it. Studies show that noise in the living environment which is 
found to be annoying or negative is one of many factors that reduce the quality of 
life and the living environment. This was used as an argument to identify any links 
and explanations to indicate how noise that reduces the quality of life and the living 
environment affects the most significant diseases concerning public health. While 
researchers are happy to report even the weakest links and, in this way, emphasise 
the need for additional research in order to confirm these links, it is the duty of 
politicians and the authorities to consider what research-based evidence national 
noise policies, guideline values and planning guidelines must be based on. 
 
There is a high degree of variation in the magnitude and prevalence of known noise 
effects. According to current understanding, some effects are harmful or hazardous 

                                                      
* Certain hazardous chemicals that appear in the living environment can be smelled, seen or 

felt (e.g. burning eyes).  
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to health, while some do not cause any changes in bodily functions or behaviour 
that, according to the science of medicine, should be regarded as being harmful to 
health or bodily functions, or as altering the value or valuation of real property or 
the living environment (due to noise). For the sake of equality, it should be stated 
that noise, and activities that generate noise in particular, often produce beneficial 
effects.39, 40, 41, 42, 43, 44 For example, when assessing the effects of transport on health 
and the severity of these effects, it is often forgotten how the national income and 
jobs produced by transport have a positive impact on the health of the population 
and the quality of life. 
 
Figure 1 presents one classification of noise effects and the severity of noise-
induced diseases (i.e. noise diseases). A similar pyramid is used to classify many 
other health effects on the living environment.45, 22 A group of potential effects and 
indicators of noise and its production/non-production (e.g. transport) could be 
added below the pyramid in Figure 1. For example, there are statistical links 
between physical exercise, the use of cars and (noise) diseases that support the 
reduction of morbidity by increasing the amount of exercise and by limiting the use 
of cars.46, 47, 48 
 

 
 

Figure 1:  Classification of noise effects on the basis of severity. Relationships between 
the prevalence of different effects (the number of people, the width of each 
box) do not correspond to reality.49  

 
On the basis of their experiences, people exposed to noise can only assess (Figure 
1) the effects of the lowest or the two lowest severity classes. Based on their 
experiences, people exposed to noise cannot reliably assess how high an impact 
noise has had, or what impact future long-term exposure may have, on their 
possibly experienced somatic (relating to the body, physical) or mental diseases.* 
Furthermore, based on their experience, people exposed to noise cannot reliably 
assess how noise and exposure to noise affects general morbidity. Then again, 
people exposed to noise can reliably assess how annoying or disturbing a noise is in 
their living environment (for example, how much a night-time noise heard in the 
living room subjectively reduces the quality of sleep on a scale from 0 to 10: 0 = not 
at all – 10 = very significantly). It is a completely different matter as to how reliably 

                                                      
*  Because people exposed to noise cannot independently assess the effect of noise on their 

diseases, these are referred to as non-conscious noise effects. 
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these types of assessments predict personal effects at the three highest severity 
levels. 
 
Examples of reactions, i.e. effects at the second lowest level in Figure 1, include 
variations in the brain’s electrical activity, blood pressure, heart rate or the amount 
of stress hormones in morning urine resulting from night-time noise. However, on 
the basis of personal assessments used to measure the intensity of these effects, it is 
impossible to say unambiguously and accurately how, for example, a specific 
amount (per night/year) of events defined as electroencephalographic (EEG) 
awakenings or whether the content and distribution of different hormones in 
morning urine affect the health of a specific person, let alone general morbidity. On 
the basis of epidemiological studies, we can only present statistical connections and 
risks regarding how the prevalence and incidence of the effects at the three highest 
levels depend on values measured in a large group of people. 
 
In a living environment with a normal noise level, the serious health effects shown 
in Figure 1 are very rare. Identifying the role of noise in morbidity requires 
extensive epidemiological studies that compare the health of people who have lived 
extensively in areas with different noise levels and the prevalence of different 
diseases. An alternative is to conduct long-term longitudinal studies that monitor 
morbidity among a single set of people living in different noise areas. The role of 
noise is very difficult, even impossible according to many, to reliably isolate from 
the effects of other causes and factors. For example, in areas where traffic volumes 
and traffic-induced noise levels are high, blood pressure among people living in 
these areas may be statistically a little higher50 than in areas where traffic volumes 
and noise levels are low.536 Studies have also shown an opposite relationship, so 
that there is a small decrease in systolic and diastolic blood pressure as outdoor 
noise increases.51  
 
According to researchers of gaseous and particulate emissions, the main reason for 
traffic-induced effects on health is air pollution, whereas noise researchers usually 
conclude that the most significant cause is noise.52, 527, 531, 536, 53, 54, 55, 56, 57, 58, 59 
Identifying causes or causality is difficult because air pollution may not necessarily 
have any significant or direct statistical impact on blood pressure; instead, it causes 
diseases that affect blood pressure or increase the risk of cardiovascular diseases. In 
areas where traffic noise is high, the low level of physical exercise may also be one 
latent factor that increases morbidity (exercise habits are not usually sought in noise 
effect studies). 
 
Many noise effects depend on the context, i.e. conditions and the environment. For 
example, music that temporarily reaches a sound level of 100–120 dB* leads to 
enjoyment in a concert audience, while music at 30 dB (LAeq level) in the bedroom 
may prevent people from falling asleep. When driving a snowmobile or an outboard 
motor boat, noise is not considered to disturb the quiet wilderness. However, many 
feel that noise coming from the next-door neighbour’s house is disturbing as soon 
as it can be heard. The sound level alone, i.e. the number of decibels, is not a 
definite indicator of the noise effects. 
 
There should be scientifically valid methods, or at least methods that have been 
defined based on socio-political decisions, with which it would be possible to 
compare the level of severity and burden between different diseases, environmental 
health effects and diseases considered to be caused by the environment. There are 
classifications for diseases, but not for most harmful noise and environmental 
                                                      
* In this report all noise levels referred are A-frequency weighted, if not otherwise indicated. 
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effects. Table 1 presents classifications of the level of burden and severity of 
diseases collected from a few sources. On the scale, zero means fully healthy or 
harmless to health, while one represents the highest burden or severity of a disease, 
such as death. The severity assessments of noise effects are based on the 
classification defined by physicians of the Swiss National Accident Insurance Fund 
(SUVA60)61, and assessments presented by de Hollander in his dissertation65 and the 
World Health Organization (WHO) Regional Office for Europe29. 
 
When it was analysed whether the EU Environmental Noise Directive (2002/49/ 
EC)78 needs to be amended, it was recommended that 0.02 be used as the weighted 
value for serious annoyance (variation 0.01–0.12) and 0.07 be used as the weighted 
value for sleep disturbance (variation 0.04–0.1).66 
 
 
Table 1:   Examples of the severity of diseases and three noise effects. The scale is 

from 0 to 1.61, 62, 63, 64, 65, 66, 29, 67 
 

State of health, disease, noise effect Burden or 
severity 

Fully healthy 0 
Periodontal disease, gingivitis (inflammation of gingiva) 0 
Periodontal disease, parodontitis (pockets of more than 
6 mm deep) 

0.01 

Mild visual impairment (slight difficulties in reading fine 
print, no difficulties in recognising a face from a distance 
of 4 m [using eyeglasses]) 

 
0.02 

Mild hearing loss as an adult (25–34 dB threshold)  
0.01–0.02 

Mild or moderate asthma (no symptoms with or without 
medication) 

 
0.03–0.04 

Severe68 annoyance resulting from noise 0.012–0.12 
Difficulties in communication resulting from noise 0.033 
Mild loss of hearing as an adult (35–40 dB threshold; 
some difficulties in understanding or participating 
actively in conversations) 

 
0.03–0.04 

Starting benign prostatic hyperplasia 0.04 
Sleep disturbance resulting from noise 0.055–0.10 
Chronic hepatitis B infection (jaundice) 0.06 
Diabetes (without significant complications) 0.07 
Sleeplessness 0.10 
Deafness and severe hearing loss as an adult 0.21–0.37  
Recovery from myocardial infarction (MI), long time 
elapsed since MI 

0.23–0.30 

Severe visual impairment (impossible to read fine print 
or recognise a face at a distance of 4 m [with 
eyeglasses, i.e. with vision correction]) 

 
0.40–0.50 

Acute MI 0.29–0.80 
Moderate dementia (impossible to live without 
supervision; however, without requiring continuous 
supervision) 

 
0.50–0.60 

Blindness 0.19–0.60 
Severe depression (including psychosis and/or 
hallucinations) 

 
0.70–1.00 

 
The severity classification in Table 1 is based on assessments and calculations 
prepared by medical and national health specialists. Patients, people suffering from 
effects and their relatives, as well as politicians when deciding on the direction of 
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national health, environmental protection and financial guidance, probably end up 
with different assessments.  
 
The classification of the burden and severity level includes different values, such as 
the expected costs arising from shorter life expectancy and morbidity.69, 65, 70, 71, 72, 73 
It is questionable to define the extent to which value-based assessments can be 
applied in different countries. For example, there are country-specific differences in 
social security, morbidity and healthcare that should be addressed. Another example 
of these differences is that cardiovascular diseases are rarer in Mediterranean 
countries than in Finland. As a result, the effects of exposure to noise are realised 
differently or as a risk of catching these diseases due to noise.74 In addition, indoor 
noise resulting from outdoor noise is different in Mediterranean countries than in 
Finland due to the lower sound insulation level of the building shell and different 
means of keeping the windows open. This is indicated in the prevalence of sleep 
disorders, and in the effects of indoor noise resulting from outdoor noise on noise 
diseases*. These should also be addressed when assessing the effect of noise on 
morbidity in different countries and the transferability of results from one country 
to the next. The validity of the values presented in Table 1 has not been tested in 
Finland. 
 
Because diseases affect other diseases, it would be useful to identify the prevalence 
of not only noise related diseases, but also of other diseases in different noise areas, 
and the extent to which each disease affects other diseases when studying noise 
diseases in the living environment. For example, high blood pressure has been 
proven to increase the risk of a permanent hearing loss resulting from long-term 
exposure to high noise in the workplace, and a hearing loss may have an impact on 
blood pressure or on how environmental noise affects the blood pressure of a person 
exposed to noise. Many work-based exposure agents (inorganic and organic 
chemical substances, elements, dust, etc.) and conditions in the work environment 
and working community increase the risk of blood pressure and stress.75 
 
 
4.1 CROSS-SECTION AND LONGITUDINAL STUDIES 
 
Studies of health effects, including noise studies, have been divided into categories 
on the basis of the strategy used to identify these effects: 1) cross-sectional studies 
that compare the responses of people exposed to noise of different levels at the 
same time, and 2) longitudinal studies that monitor the personal development of the 
responses of people exposed to noise of different levels at regular intervals over 
several years. Longitudinal studies are considered to be more reliable for 
identifying chronic noise diseases and responses than cross-sectional studies. 
 
 
4.2 THE MAGNITUDE, DEGREE AND/OR SEVERITY OF NOISE 

EFFECTS 
 
The magnitude, degree, intensity or severity of noise effects is assessed and 
indicated by using two main methods: 

                                                      
*  In this study, noise diseases include diseases that a) have been classified as diseases, and 

b) that have been studied to have a statistical link between their prevalence and outdoor or 
indoor noise in the living environment. Many of these diseases also have a statistical link 
to exposure to noise in the workplace. 
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1. An indicator that represents the strength of the noise reaction identified in a 
person exposed to noise (measured/assessed subjectively or objectively). 
Examples include the probability of awakening due to noise from an 
overflight causing a specific sound exposure level (LAE or ASEL) or how 
annoying (measured using a specific scale) a test subject considers noise 
from an overflight or typical average noise in their living environment to 
be.  

2. An indicator that represents the prevalence of effects of a specific degree. 
Prevalence indicates the number of disease events in relation to the entire 
population exposed to the same or similar noise. The percentage of people 
who experience outdoor noise at a specific level, such as LDEN, year = 55 dB, 
to be highly annoying [stabilised symbol: %HA, i.e. % Highly Annoyed] is 
the best-known and most widely used variable that measures the effect of 
noise disturbance. 

 
-Neither of these methods is highly suitable for indicating noise reactions and 
responses. For example, the subjective strength of a noise effect experienced by a 
single animal is very difficult, if not impossible, to measure. In addition, the effects 
on nature, such as soil or vegetation, is a field in which no research results or 
generally accepted measurement methods exist.* 
 
The socio-political or societal severity of noise effects are also considered to 
depend on how frequently and how wide-spread the effects should be expected. For 
example, when assessing the severity of acute effects, it should be considered how 
frequently noise resulting in a specific effect (such as awakening) occurs and how 
many disease events should be expected in the long term, such as annually. When 
assessing the societal severity of effects, costs arising from increased morbidity due 
to noise, lost work years and reduced life expectancy should be taken into account 
when making classifications of the severity of chronic diseases as in Table 1. The 
financial assessment of noise should, for example, include effects on the value of 
properties.  
 
Because the strength of a response experienced by an individual (person) exposed 
to noise very poorly correlates (in field studies) to the severity of noise (the severity 
of noise typically explains only 2–40% of the effects (individual noise reactions) 
resulting from variation in the severity), the effects have been measured mainly in 
terms of prevalence or risks, in which case the statistical dependence on the strength 
of noise is much better. In practice, this means that we are, for example, able to 
more reliably assess what per cent of people living in a specific aircraft noise area 
awake to noise caused by an overflight at a specific noise level or how many times 
people awake annually in a specific area, rather than define who these people are, 
how easily specific people wake up or what specific overflights cause people to 
wake up. 
 
 
4.3 TIME-RELATED LINKS BETWEEN NOISE EFFECTS AND NOISE 

AND EXPOSURE: ACUTE AND CHRONIC NOISE EFFECTS 
 
The effects of noise can be roughly divided into two groups based on their 
dependence on time and permanence:† 

                                                      
* The effects of noise on animals and nature are discussed later in Chapter 4.15. 
† A more detailed division into three groups has been presented in Chapter 4.7. 
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1. Direct, or acute, effects, meaning effects that materialise during exposure 
(e.g. an overflight) or directly afterwards, or that disappear or diminish 
fairly quickly after exposure. 

2. Long-term, or chronic, effects, the materialisation of which requires 
continuous long-term or repeated exposure. These effects remain at least as 
long as the person in question is exposed to the noise or as long as the 
exposure is repeated; for example, as long as the person lives in a single 
living environment or in a similar environment. Some long-term effects 
may be permanent, while some may disappear, at least in part, if the 
exposure decreases permanently. 

 
The magnitude of direct effects (severity, prevalence) is considered to depend 
mostly on the momentary strength of the noise and the duration of the exposure per 
noise or exposure event. Effects requiring long-term exposure are considered to 
depend mostly on the average noise level in the residential or living environment, 
i.e. the typical noise to which a person or animal is exposed daily over years or 
decades.76  
 
The effects of noise on morbidity depend on chronic effects rather than on acute 
effects. 
 
 
4.4 EFFECTS OF NOISE; GENERAL DEPENDENCE ON NOISE AND 

EXPOSURE 
 
The effects of noise can be divided into two groups based on their prevalence. The 
first group includes effects that, similarly to diseases, only have two states: either 
they exist, or they do not. For example, a behavioural awakening due to a noise 
event belongs to this group: the person exposed to the noise either wakes up or they 
do not. In addition, complaining about noise is another example of dichotomous 
effects: a person either complains or they do not. The other group consists of 
effects, the strength or severity of which depends on the intensity or recurrence of 
noise. For example, annoyance measured on a 10-point scale (where 0 = not at all 
annoying, and 10 = extremely annoying) is an example of these effects. It is 
possible to define the dependence of the average responses of people participating 
in a study on noise or the dependence of the prevalence of a specific effect 
(annoyance) on noise. 
 
There are also effects that can be grouped based on the research method. For 
example, the effect of noise on blood pressure is such an effect. It is possible to 
study how the blood pressure (systolic and/or diastolic blood pressure, mmHg) of 
people (exposed to noise) depends on the long-term LAeq-typical level of outdoor 
noise in a living environment, such as the LDEN level of aircraft noise. We can set a 
specific threshold value for blood pressure, such as systolic blood pressure of 140 
mmHg. If this level is exceeded, the person in question is considered to suffer from 
hypertension. If this level is not reached, the person does not suffer from 
hypertension. It is also possible to study the dependence of blood pressure on the 
outdoor noise level of a residential area. Generally, the dependence of the 
prevalence of hypertension (as diagnosed by a physician and requiring medication) 
on the noise level in the living environment is studied by comparing areas with 
different noise levels, and the aim is to identify the proportion, according to which 
noise increases the prevalence of hypertension. People suffering from hypertension 
can be identified by directly asking people exposed to noise (by means of a 
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guestionnaire) or by obtaining the information and indicators required from national 
healthcare databases.77 
 
 
Usually, it is assumed that the intensity of a noise effect (or the prevalence of a 
specific effect), V, depends on the intensity of the noise or the joint effect of the 
intensity and exposure time of noise, i.e. the noise dose, E, 
 

( )EfV = .        (1) 
 
For example, the EU Environmental Noise Directive (2002/49/EC)78 stipulates that, 
if, or when, noise effects are assessed, the assessment should be based on a 
population response measured by means of field studies as shown in formula (1), 
i.e. the prevalence of harmful (health) effects (of a certain degree). 
 
Studies of noise effects often assume that the intensity/strength of noise or noise 
dose on a person, animal or object, E, has only one value over the time, during 
which it indicates the intensity of the effect. As is shown in Figure 2, the level of E 
of aircraft noise (the LDEN level on different days) varies and is a distribution in a 
statistical sense. When the aim is to identify the noise response, i.e. the dependence 
of an effect on the intensity of noise or the magnitude of the dose, each person 
exposed to the noise and each event (observation, sample) can only have one value 
E and one value V, as shown in formula (1) above. When the noise and/or the noise 
dose vary over time, at least the following two questions should be answered when 
trying to identify the effect response: 

•  What is value E of the intensity of the noise or the magnitude of the noise 
dose to be selected over the distribution range that would best represent the 
constant noise or constantly repeated noise (e.g. the daily LDEN level) and 
that would produce the same effect? 

•  What is the intensity of the noise or the magnitude of exposure (value E), 
which a test subject (for example, recollects when answering the 
questionnaire79) would be able to assess as the intensity of the effect, and 
how does this differ from the previous value E? 

 
 
The dependence of the noise effects on the  noise properties* is studied both in 
laboratory conditions and in field conditions. The results of laboratory and field 
studies usually differ greatly from one another. For example, in laboratory 
conditions, test subjects are usually more susceptible to sleep disorders than at 
home. In laboratory conditions, correlation coefficients of exposure–response 
relationships, i.e. the dependence of the intensity of the effect on the intensity of the 
noise or the magnitude of the noise dose–are high, usually greater than 0.9. In field 
studies, the correlation coefficients often remain below 0.6. If the correlation 
coefficient is 0.9, the intensity of the noise explains 0.9⋅ 0 .9 = 0.8 parts, or 80%, of 
the variation in the intensity of the effect experienced by different people, while a 
coefficient of 0.6 only explains 0.6 ⋅0.6 = 0.36 parts, or 36% of this variation. In 
field studies, the percentage explaining the intensity of noise can be as low as 2%, 
which means that reasons other than the intensity of noise or the magnitude of the 
                                                      
*  The Finnish Environmental Protection Act (527/2014, section 142), uses the concept of 

acoustical quality: The goal in all activities, is to achieve an acoustic quality, in which no 
harmful or hazardous sound (noise) exist to the extent that would cause a health hazard or 
other consequence referred to in section 5, subsection 1, paragraph 2 of the act or any risk 
thereof.  
The acoustic quality is a broader concept than the property of sound or noise. 
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noise dose explain 98% of the variation in the effects experienced by different 
people. For example, the average long-term LAeq, night level (i.e. the intensity of 
noise) may only explain 4–5% of the variation in the degree of sleep disorders 
(intensity, severity) which people living in a specific aircraft noise area assess to 
result from aircraft noise.460 This low percentage indicates that, in reality, the 
experienced degree and severity of sleep disorders depend much more on factors 
other than the intensity or recurrence of aircraft noise. For example, when studying 
individual sensitivity to sleep disorders, any variation in simultaneous indoor noise 
and the sound insulation level of the building shell reduce this percentage. 
 
Studies of effects are conducted in acute exposure situations and in situations where 
exposure is retrospective and prospective. Retrospective exposure has already taken 
place before the study. In other words, the noise of fly-bys, or sleep disturbance or 
annoyance over the past year is studied based on the test subject’s memory. 
Prospective exposure takes place in the future. For example, when people exposed 
to noise comment on airport expansions or environmental permits for new airfields, 
they are assessing future noise and its harmful effects. Assessed retrospective noise 
effects, and prospective effects, in particular, can be much higher than they actually 
are in real noise conditions.80, 81, 82, 83, 84 
 
When examining responses as in formula (1), it should be asked how the response is 
reversible, meaning can the effect be returned to its original condition (in 
accordance with the response curve), if the noise dose first increases and is then 
returned, for example, by means of noise control measures. Reversibility is 
discussed in Chapter 4.18. 
 
The scientific community, such as the International Commission on Biological 
Effects of Noise (ICBEN)85, has attempted to harmonise the methodology used in 
studies of noise effects. For example, a recommendation has been prepared 
concerning the scale used to measure annoyance in surveys.86 During preparations 
for the EU Environmental Noise Directive, the harmonisation of studies on noise 
effects conducted in member states was defined as a goal. The principle defined in 
Article 6 and Annex III of the directive is an example of this: if the assessment of 
noise is based on harmful effects, the assessment should be based on dose–effect 
relations measured in the field (i.e. at home).87 Item 54 of decision No 1386/2013/ 
EU of the European Parliament and Council ‘Living well, within the limits of our 
planet’ sets the following goal: “implementing an updated Union noise policy 
aligned with the latest scientific knowledge, and measures to reduce noise at source, 
and including improvements in city design.”88 
 
 
4.5 THE EFFECTS OF NOISE; PRESENTATION OF INTENSITY, OR 

SEVERITY, AND GENERALITY 
 
The generality of dichotomous effects can be indicated by using two factors: 
prevalence and incidence. The prevalence of disease cases indicates the number of 
diseases in relation to the population. When talking about noise effects, this 
indicates the number of disease cases in relation to people living in a specific noise 
area or people exposed to a specific noise. The incidence of diseases means the 
number of new cases per person-years (or another time frame).89, 90 
 
The dependence of dichotomous and continuously changing effects in terms of 
intensity or severity on noise is usually presented as a response curve (formula or 
graph), which illustrates the dependence of a specific statistical indicator of an 
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effect on the intensity of the noise. A statistical indicator can, for example, be an 
average (e.g. the average blood pressure of people living in a specific noise area or 
the average number of awakenings per night due to noise), or information about 
variation in the distribution is also presented (e.g. limits within which 95%, 90% 
and 68% of the values are located). The average alone does not say anything about 
variation in the observations. 
 
The dependence of dichotomous effects on noise is often presented using odds to 
indicate the probability (Pa) that an effect occurs divided by the probability ( aP ) 
that an effect does not occur. When comparing the prevalence of an effect in two 
groups (e.g. people exposed to a noise and people not exposed to a noise), the 
variable is often the odds ratio (OR) or relative risk (RR). OR is often also referred 
to as odds. When the aim is to identify the proportion of noise from noise diseases 
in the living environment, the reference area must be a residential area with no or 
little noise or several areas with intense noise. For example, an area where the long-
term LAeq,07-22h level is at most 50 dB and an area where it is at least 65 dB can be 
used.91 The OR value of an effect (i.e. a disease, such as asthma or hypertension),92 , 

93 which is as clear of the effects of other exposure agents and variables, is 
calculated (using a logistic regression model) based on differences in the prevalence 
between areas. This OR value represents the risk of catching the specific disease 
due to noise (noise difference) alone (if OR is 1, it means that noise has no effect, if 
it is less than 1, it means that noise reduces the risk, and if it is more than 1, it 
means that noise increases the risk). When examining the effect (proportion) of 
noise, the difficulty is to eliminate the effects of other simultaneous factors from the 
risk assessment.94, 90, 89  It is often proposed that the OR of diseases that poorly or 
unreliably depend on conditions (exposure) should be at least 3 in order to be 
sufficiently certain (based on the OR value alone) of the variables assumed from the 
dependence of the disease. 
 
 

Example: In residential area A (where the LDEN level of outdoor noise is XA 
dB), in which 1,000 adults live, there are 75 people suffering from 
hypertension (and who take medication for the disease). This means that 
1,000-75 = 925 people do not suffer from hypertension, meaning that they 
are healthy in this sense. 
OddsA = 75÷925 = 0.081. 
 
This value represents the probability of catching the disease (75÷1,000) 
divided by the probability of not catching the disease (925÷1,000). 
 
In residential area B (where the LDEN level of outdoor noise is XB dB, XB > 
XA), in which 1,250 adults live, there are 107 people suffering from 
hypertension (and who take medication for the disease). 
OddsB = 107÷1,143 = 0.094. 
 
If the reason for the difference between people who suffer from 
hypertension and take medication for it in areas A and B is outdoor noise 
alone (the noise level is higher in area B than in area A), the risk of 
catching a noise-induced disease can be represented by the following 
indicators: 
 
Odds ratio (OR) = (107÷1,143) ÷ (75÷925) = 1.15. 
Relative risk (RR) = (107÷1,250) ÷ (75÷1,000) = 1.14. 
 
If the noise level in area B decreases from XB to XA,: 
Absolute risk reduction (ARR) = (107÷1,250) – (75÷1000) = 0.011, i.e. 1.1 
percentage points. 
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If the number of people taking medication, used as the morbidity value, was 
the same as above in both areas (75 and 107), but there were 10,000 
people in area A and 12,500 people in area B, this would mean that OddsA 
= 0.0076, OddsB = 0.0086, OR = 1.14, RR = 1.14 and ARR = 0.0011, i.e. 
0.11 percentage points. The OR is slightly different from the example above 
(0.01) and the RR is the same, while the ARR is one tenth of the figure 
above.  
 
If the costs of noise control (e.g. improved sound insulation in the building 
shell) were EUR Y per resident in both cases, the noise control costs per 
decreased morbidity among 107–75 = 32 people would be ten times higher 
in the latter example (12,500 residents) compared to the first example (for 
1,250 people in area B). The costs of noise control are weighted against 
savings in healthcare and the value of improved quality in the living 
environment. With regard to strategic planning at the level of national 
health, studies on the prevention of hypertension, for example, should also 
identify other causes of morbidity and the resulting opportunities for 
controlling the morbidity. 
 

 
When interpreting the results of risk studies, it should be identified how many 
diseases occurred in the reference conditions with little or no noise and how many 
occurred in conditions with intense noise. In addition, it should be ensured that the 
sample is representative of different diseases, meaning that both groups should 
include an equal number of diseases not caused by noise differences that correspond 
to the average number per population and have an impact on the prevalence of the 
noise-induced diseases and effects being studied. In addition to the OR and RR, the 
absolute effect should also be considered. This refers to the number of cases per 
population in the noise area and in the reference area. Considering the sample size, 
it is significant to determine whether OR = 1.3 refers to 10 or 1,000 new disease 
cases. 
 
When defining the response functions of dichotomous variables and their statistical 
reliability, it should be noted that response functions should not be calculated using 
methods intended for continuous or discrete dichotomous random variables, such as 
a method based on a linear regression analysis or the method of least squares. 
Dichotomous variables are known as variables based on the Bernoulli distribution. 
Separate methods have been developed for their statistical analysis.  
 
 
4.6 NOISE LEVELS USED AS INDICATORS OF EFFECTS 
 
Harmful effects caused by noise, or rather the intensity of responses and reactions 
considered to be harmful, are regulated by means of requirements and actions 
directed at noise and exposure to noise. In order to be sensible, such regulation 
requires that there are measurable physical properties of noise and exposure 
(variables and indicators) and corresponding variables in the perceptual world 
(dimensions and indicators), upon which the reactions considered to be harmful 
depend.  
 
The following noise indicators (variables with a specific numerical value) that 
represent the intensity of noise are used in Finnish regulations and guidelines 
concerning noise in residential and living environments: 

•  LAeq, 07 – 22h means the daytime equivalent continuous sound level.95, 96,, 99  
•  LAeq, 22 – 07h means the night-time equivalent continuous sound level.95, 96, 99,  
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•  LDEN, year means the LDEN level during one year with average weather 
conditions.97 

•  Lday, or LAeq, 07 –19h, year means the daytime equivalent continuous sound level 
during one year with average weather conditions.97 

•  Lnight, or LAeq, 22 –07h, year means the night-time equivalent continuous sound 
level during one year with average weather conditions.97 

•  Levening, or LAeq, 19 –22h, year means the evening-time equivalent continuous 
sound level during one year with average weather conditions.97 

•  Leq,1h means the A-weighted night-time equivalent continuous sound level 
of music-induced noise between 10 pm and 2 am, and the third pressure 
level of low-frequency indoor noise at a frequency range of 20–200 Hz. 96, 99  

•  LAeq,T means the equivalent continuous sound level over a pre-defined time 
(operating period over duration T).98 

•  LAFmax means the maximum level using frequency weighting A and time 
weighting F (fast).95, 96, 98, 99, 100  

•  LAImax means the maximum level using frequency weighting A and time 
weighting I (impulse).101, 102 

•  LAE means the sound exposure level using frequency weighting A.103 
•  LCpeak means the peak level using frequency weighting C.96 

 
 
In the guide “Rakennuksen julkisivun ääneneristävyyden mitoittaminen” 
(Dimensioning of façade sound insulation in buildings), it is stated that maximum 
levels with time weighting F are usually applied to aircraft noise.100 Measurement 
guidelines for rail traffic noise104 define time weighting S (slow) in addition to time 
weighting F, as well as a one-second Leq level, the maximum value of which is 
considered to correspond to the LASmax level. The memorandum of the working 
group that investigated the special features of environmental permits granted for 
airports105 states (in Table 4) that time weighting S should also apply when 
measuring the maximum level of aircraft noise. The memorandum does not state 
any sources, upon which this statement is based. LASmax is stated in the FAR 36 and 
ICAO Annex 16 documents (as a variable used to assess the EPNL,max level), and 
it is also stated in the proposed ECAC aircraft noise calculation model.111, 106, 107  
The LAeq,1s,max level, i.e. the one-second equivalent continuous sound level of an 
overflight (corresponding roughly to the highest value of the LASmax level) has been 
used as the maximum level, for example, in a fairly extensive study of aircraft 
noise-induced sleep disorders conducted in the UK.726 In NATO countries, the 
maximum level of overflights by military aircraft is often measured as the LAFmax 
level.108 
 
In Finland, the supervisory authority109 has not set any separate indicators or 
guideline noise level values* for aircraft noise (indoors and/or outdoors). In its 1976 
memorandum110, the Committee on Aircraft Noise (CAN) proposed two indicators 
for (outdoor) aircraft noise: 

1. The weighted equivalent continuous perceived noise level (WECPNL)111 
for airports and busy airfields and flight directions. 

2. Single noise (the maximum level of a single overflight, LAmax) for airfields 
and flight directions with low traffic volumes. 

 
                                                      
*  In Government decrees 993/1992, 1107/2015 and 903/2017, values concerning outdoor 

noise are referred to as guideline values. In decree 545/2015 of the Ministry of Social 
Affairs and Health on health protection, guideline values for indoor noise levels have been 
given as threshold values for actions. No separate values for aircraft noise have been 
presented in these decrees. 
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It proposed that noise areas be divided into three groups, each of which would have 
separate preferences and limitations for land use. These proposals were never 
realised. In certain airfields with a low traffic volume, land use guidance seems to 
be still based on noise area maps prepared in the 1970s and the 1980s based on a 
single noise (LAmax levels). The CAN memorandum and the instructions for 
assessing single noise areas attached to it do not state what time weighting (F or S) 
should be used. 
 
Over time, more than 20 different measurement units and indicators have been 
proposed for aircraft noise.112, 113 
 
In many countries there is a multi-tiered land use and health-based classification 
system for aircraft noise.114 In Germany, for example, a hierarchy of health-based 
guideline values for aircraft noise has been discussed in recent years. The hierarchy 
would separate a) the threshold value (Schwellenwert), b) preventive guideline 
value (Präventive Richtwert), and c) critical tolerance limit (Kritischen 
Toleranzwert).115, 116 The critical tolerance limit could only be exceeded 
occasionally and only for a limited time. The threshold value indicates the noise 
level, below which there are no harmful effects, not even after long-term exposure. 
If the preventive guideline value is exceeded, action should be taken to minimise 
the noise emission (or exposure). A similar three-step system of guideline values 
has also been introduced in Finland to assess soil contamination.117 
 
 
4.6.1 VARIATION IN THE LEVEL AND PROPERTIES OF AIRCRAFT 

NOISE OVER TIME 
 
As stated above, an effect of a specific magnitude results from the noise or noise 
dose of a specific level when defining the effect response [formula (1), p. 18]. 
However, the intensity and other properties of aircraft noise vary both temporally 
and regionally around airfields. Reasons for this include 

•  variation in noise production (variation in the number of operations, 
differences in noise generated by different aircraft and engine types, and 
variation flight methods affecting the sound power and power direction of 
aircraft during different flights),  

•  variation in the use of runways (ratio of use),118 
•  variation in the flight routes of aircraft that use different runways (there are 

many nominal routes which aircraft can fly; when flying on a specific 
nominal route, the actual line of flight varies, meaning that the distance 
from the aircraft to the studied point of reception varies, due to which the 
reduction of noise by distance varies), 

•  variation in weather conditions, causing variation in the reduction of noise 
due to distance. This variation can be divided into two parts: a) fast 
variations caused, for example, by turbulence, and b) slow variation caused 
by variations in meteorological conditions in a larger area. Fast variation is 
reflected in the  variation in the LAF- and LAS-weighted sound level 
difference (see Figure 3C). 

 
At least the temporary, or acute, effects of aircraft noise vary, since the noise caused 
by overflights by different types of aircraft varies (see Figure 3). The question is 
what numerical value representing the intensity of the noise should be used as an 
indicator when assessing a) acute effects and b) permanent or recurring effects. 
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Figure 2 presents an example of variation in the daily LDEN level at Stockholm 
Arlanda Airport over two years. The measurement point was approximately 6 km 
from the end of the runway. 
 
 

 
 

Figure 2:  Example of variation in the daily LDEN level of aircraft noise over two years at 
a distance of approximately 6 km from the end of the runway at Stockholm 
Arlanda Airport. LDEN,2 years is 61 dB.119 

 
In Figure 2, the intensity of the noise in July 1990 and 1991 decreased as a result of 
fewer daily flights. During the autumn and spring, far-reaching noise was more 
intense, since peak hours during the morning or evening take place during a typical 
morning or evening inversion (low attenuation of noise by distance). This increases 
the daily LAeq,07–22h and LDEN levels compared to a situation where the same flights 
were operated at other times of the day. 
 
In Figure 2, the daily LDEN level varies by roughly 18 dB in the long term. The 
momentary noise level and the maximum level of different flights (e.g. the LAFmax 
level) show more variation in a manner that is more difficult to forecast and 
estimate statistically.120, 121, 122 
 
According to current understanding, the long-term LAeq level, i.e. the continuous 
equivalent (long term) noise level, is the best indicator of chronic and permanent 
effects, the development of which requires continuous exposure over several years, 
i.e. exposure that continues or is repeated day after day. The sound exposure level 
(LAE, ASEL, or LAx) is considered to be the best indicator of acute and direct effects 
resulting from individual noise events (overflights/fly-bys).132 The main reason is 
that the sound exposure level covers not only the intensity of noise, but also its 
duration (the longer the duration of the noise is, the higher the sound exposure level 
is), whereas the maximum level does not cover this. The sound exposure level is 
(little) more difficult to measure than the maximum level. 
 
Values measured using frequency weighting A are usually considered to be better 
than, meaning that they guarantee a higher validity and reliability, or at least as 
good as values measured using weighting B, C or D.* C-weighted maximum levels 
have been used to measure the intensity of noise from the sonic booms of aircraft. 

                                                      
*  Frequency weighting D was proposed in standard DS/IEC 537:1977 for the measurement 

of aircraft noise. This weighting is not used in modern sound level meters. 
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In recent studies conducted in the US, C-weighted levels (LCMax, LCE¸ LCeq) were 
proposed to be applied to situations where aircraft noise causes not only aircraft 
noise, but also sound from vibrating structures.123 In Finland, buildings are 
apparently less susceptible to vibration than in the US where most detached houses 
are made of wood (a structural system based on plywood and wood is common). 
 
It should be remembered that, at a specific point of reception, variation in noise 
over time follows a specific statistical pattern, which intertwines differently defined 
sound levels fairly closely together. In other words, all noise levels measured 
among a single population using different methods (variation in noise levels in the 
long term, e.g. over an hour or a year) correlate fairly well with each other.124 
 
Currently, the LAE level of indoor noise is considered to be the best indicator of the 
probability of sleep disorders resulting from aircraft noise (distinguishable from 
background noise). It is also used as an indicator of acute (i.e. during an overflight) 
speech interference. The LAF level and the time which the noise exceeds a specific 
pre-defined level representing the threshold masking the volume of speech are also 
used as indicators of speech interference.125, 126, 127, 128 Usually, the variation in the 
LAF level of noise events, such as fly-bys, over time is higher than the variation in 
the LAS level. In addition, the LAFmax level of different noise events (flights) also 
shows more variation than the LASmax level (see Figure 3). 
 
The results of LAF - LAS and LAFmax - LASmax depend on variation in noise over time. 
Both results are often smaller indoors than outdoors. The result of LAFmax - LASmax is 
the highest when using very brief sounds and sounds that consist of very brief (less 
than 125 s) and strong elements, 10 lg (1,000÷125) ≈ 9 dB. When measuring low 
noise, the slow-weighted level is less sensitive to short-term interruptions than the 
fast-weighted level in practical measurements. Therefore, any interruptions and 
their (possibly harmful) effect on the measurement results (e.g. the LAE or LAeq level) 
is easier to detect from a fast-weighted signal than from a slow-weighted one. 
 
On the basis of Figure 3, it is possible to draw the conclusion that, at a specific 
point of reception, the LAF and LAS level during an overflight, as well as the LAE 
level, are variables which are similar to a random variable. In part, this randomness 
is caused by fluctuations in the sound propagation depletion resulting from 
atmospheric turbulence. This means, for example, that it is impossible to estimate 
how much the variables of each flight fluctuate and how much they differ from 
similar values of other aircraft (flights). However, these variables and any variation 
in them have certain statistical properties that can be identified from a sufficiently 
large group of measured observations. 
 
 
When assessing the effects of aircraft noise, it is often necessary to assess what the 
fast-weighted maximum level would be corresponding to a specific slow-weighted 
maximum level, or vice versa. Some of the sleep disturbance responses presented in 
the literature have been presented as a function of the maximum level, while some 
as a function of the sound exposure level. When these are used, it is also necessary 
to assess what maximum level a specific sound exposure level corresponds to or 
what sound exposure level a specific maximum level corresponds to. Next, I will 
examine some correlations and conversion formulas presented in the literature.  
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Figure 3:  Example of variation in the LAF and LAS levels of aircraft noise over time 

outdoors during an overflight of seven different jet airliners. The measuring 
point was approximately 2.6 km from the end of the runway and 
approximately 300 m to the side from the nominal line of the landing route. 
The LAE levels of overflights vary from 73 dB to 80 dB. The sampling speed 
was ten samples per second. 

 
A report published by a representative of Boeing in 1974129 proposes that the LFAmax 
levels of overflights by jet airliners were higher than the LSAmax levels by 5–10 dB. 
Using sound level meters of the 1970s, some of the integration of the effective 
value may have been based partially on the meter hand mechanics, due to which 
time-weighted values measured may differ from how modern digital meters would 
measure the same noise. In Figure 3C, the difference is 5 dB at its highest. 
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The following mathematical connection can be defined between the maximum level 
of a fly-by (LAFmax) and the sound exposure level (LAE): 
 









+
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adLtLL AEeAEAF lg10lg10max dB,   (2) 

 
where te is the effective duration of the noise [s], multiplier a = 1.5…3 and b ≈ 50, d 
is the shortest distance of a fly-by from the point of reception [m], and v is the 
speed of aircraft [m/s]. A corresponding formula can be defined for the LASmax level 
of an overflight In this case, the constants have different values. 
 
INM* assumes that the dependence between the LASmax and LAE levels of fly-bys (by 
civilian aircraft) is130 
 

0,12lg73,7max +−= dLL AEAS  dB.      (3) 
 
When d > 30…40 m, LASmax < LAE. When d is 1 km, LASmax - LAE = -11.2 dB. When d 
is 0.5 km, LASmax - LAE = -8.9 dB. In this formula, factors a, v and b of formula (2) 
are replaced by the distance d and a constant 12.0 dB, and the multiplier of the 
logarithm factor has been reduced by 7.73÷10 = 0.773 times. Other formulas for the 
dependence between the LAE and LASmax levels have been presented in the 
literature.131, 132, 471 
 
The distance (d) between dwellings underneath and next to flight routes and landing 
aircraft is typically shorter than their distance to aircraft taking off from the runway 
in their direction. In addition to the results of LFmax - LAE and LASmax - LAE, the 
distance affects the rate at which the intensity of the noise increases and decreases 
[dB/s]. 
 
In studies on the effects of noise, the intensity of exposure to aircraft noise is 
usually assessed on the basis of an airport noise area map or fairly short-term 
measurements. When measuring the maximum levels, it may have been possible 
that only the highest momentary maximum level during an overflight or even the 
average of the maximum levels of a few, such as five, overflights has been 
registered. There are studies in which the maximum level and/or sound exposure 
level of each overflight has been assumed to be identical. Usually, researchers have 
not identified the statistical long-term duration value to which an exposure value or 
a set of values corresponds. 
 
Dozens of studies of the accuracy and error sensitivity of aircraft noise calculation 
models have been published.133, 134, 135, 136, 137, 138, 139, 140, 141, 142, 143, 144, 145, 146, 147, 148, 

149, 150, 151 
 
4.6.2 HISTORICAL BACKGROUND OF THE EVENING-TIME AND 

NIGHT-TIME WEIGHTING OF THE LDEN LEVEL 
 
Noise area maps of airports have long been presented using LDEN levels. When 
defining the LDEN level (DEN comes from Day–Evening–Night), 10 dB is added to 
the night-time LAeq level and 5 dB is added to the evening-time LAeq level. The 

                                                      
* Integrated Noise Model. 
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evening is usually between 7 and 10 pm and the night is between 10 pm and 7 am, 
in which case 
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where T is the duration of a day using the integration time unit. In the EU 
Environmental Noise Directive, the LDEN level is the main indicator of outdoor 
noise. The Directive permits member states to move the start or end of the evening 
or night hours by one or two hours. If the sound exposure level of all flights (LAE) 
was identical, the 5 dB added to evening-time noise would mean that a single night-
time flight is assumed to have the same effects as 3.16 (105÷10 = 3.16) daytime 
flights. The 10 dB added to night-time noise carries the assumption that a single 
night-time flight has the same effects as ten daytime flights. 
 
The idea of adding weights to evening- and night-time noise is based on the 
Composite Noise Rating (CNR) launched in the US in the 1950s.112 The weight of 
10 dB added to night-time noise consisted of two parts: A single weight of 5 dB 
was added because the night-time background noise is lower than during the day, 
due to which noise was considered to be easier to distinguish than during the day. 
Another weight of 5 dB was added because it was believed that the limit for night-
time noise needs to be stricter, mainly due to assumed effects. The reason for 
adding the weight of 5 dB to the evening-time noise was that residential areas have 
more people during the evening than during the day, and people are more sensitive 
to the effects, and therefore the limits need to be stricter when assessing the effects. 
In the 1960s, the first survey conducted to identify the level of noise pollution at 
Heathrow Airport in London drew the conclusion that, mainly due to annoyance, 
the Noise and Number Index (NNI) of night-time noise should be 17 units lower 
than that of daytime noise. This roughly corresponds to the weight of 10 dB added 
to the LDEN level.152 Later, knowledge on the dependencies between effects and 
noise has increased and become more accurate. It has been proposed that, when 
assessing different effects, weighted values other than 5 dB and 10 dB should be 
used at other times of the day. However, the weights added to the LDEN level have 
not been adjusted and no other weights have been approved.153 
 
 
4.7 THE EFFECTS OF NOISE ON PEOPLE 
 
Noise is translated into effects through auditory perception. However, visual 
perception can have an impact on how noise is experienced. Roughly 90% of all the 
information we obtain from our living environment is transmitted through our 
visual perception. Even though auditory perception accounts for a small part of this 
information, auditory information is important to people. For example, we can hear 
sounds from all directions, including those we cannot see without turning our heads. 
Auditory perception analyses sounds and acts as an alarm system, however, unlike 
visual perception, this also applies when we are sleeping. It is difficult to say which 
is more important to us – visual or auditory perception. It has been said that 
auditory information and auditory perception are more important to people than 
visual perception because the percentage of people born blind is higher than the 
percentage of people born deaf among highly educated people. 
 
Figure 4 presents the most important effects of noise and their dependencies. 
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Currently, noise effects are divided into three categories: 
 

1. Primary, or direct, effects, i.e. effects that occur during exposure to noise. 
These include different disturbance responses, such as sleep and speech 
interference, and effects transmitted through the autonomic nervous system, 
such as changes visible in ECG* and changes in blood pressure (usually 
increases) due to a noise event. 

2. Secondary effects, i.e. effects that are transmitted by primary effects or 
result from them within a short period. These include annoyance and effects 
expressed in the form of reduced functional capacity or functioning. 

3. Permanent, or chronic, effects caused by continuous or continuously 
repeated long-term exposure. A permanent response/effect does not 
disappear (at least not in the short term), even if exposure decreases or is 
interrupted. These effects include permanent hypertension and severe noise-
induced diseases†. It has also been attempted to measure annoyance as a 
permanent effect when the reference time frame is long, such as when noise 
occurs in a residential area during the past 12 months or for the entire time 
a specific person has lived in that area. 

 
 

 
 

Figure 4:   Classification of the main noise effects and dependencies between them. It 
should be noted that a noise effect can be negative, neutral or positive. 

 
The effects in the first two categories can be jointly referred to as acute effects to 
separate them from permanent, or chronic, effects in the third category that are also 
called tertiary effects. 
 
Permanent and temporary loss of hearing and the masking effect of auditory 
information are the only effects that are specific to noise. Other effects are non-
specific, which means that many other conditions and factors cause the same 
effects. 
 
Primary effects are expressed during exposure and disappear immediately after 
exposure. Secondary effects usually begin during exposure. Recovery may take 
                                                      
*  Electrocardiography (ECG) involves recording the electrical activity of the heart. 
†  Here, severe diseases mean diseases that have resulted from exposure to noise and have a 

diagnosis-based name in the International Classification of Diseases (ICD). Examples 
include myocardial and cerebral infarction, dementia and diabetes. It is characteristic to 
these diseases that a statistical dependence can only be indicated for their dependence on 
noise, i.e. an increased risk (difference in prevalence or incidence) compared to the risk of 
people exposed to lower noise levels. 
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place immediately after exposure, or it may take place more slowly, depending on 
the intensity and duration of the noise. As stated above, chronic effects are usually 
highly non-specific. It is very difficult to show that they are only caused by noise, 
as many other exposing agents cause these same effects that are known as stress 
reactions.407 For example, many studies show that there is a small statistical 
dependence between a slight increase in blood pressure among residents (e.g. 
average systolic blood pressure among test subjects) or the prevalence of 
hypertension and high outdoor noise levels in a residential are. However, there are 
also many other factors that increase blood pressure in areas with high noise 
levels.154, 155, 156, 157, 158, 159, 160, 427 The dependence of different chronic effects on 
changes in the exposure to noise (e.g. milder effects as a result of a lower outdoor 
noise level) has not been studied extensively (see Chapter Reversibility of noise 
effects, page 106). 
 
 

 
 

Figure 5:  A causality model of noise reactions (effects) classified as negative in 
accordance with current knowledge (the figure and its concepts have been 
slightly modified from the original version). The coping response means that 
living conditions are adapted according to the prevailing conditions (e.g. a 
window is closed, or a person is forced to move from a noisy area to a quieter 
area).161 

 
Figure 5 presents a causality model of (negative) noise reactions in accordance with 
current knowledge.161, 162 This model emphasises that individual noise effects 
cannot be distinguished as reactions which are independent of one another. These 
types of models emphasise the significance of effects and conditions that modify 
noise reactions.163 The figure shows a direct link between noise and health effects, 
as well as four boxes in which the factors or conditions act as moderators, i.e. 
jointly affecting factors.164, 82 
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The dependence of different environmental noise sources on the intensity of noise 
differ from each other, at least to some extent.28, 232, 165, 166 Reasons for this include 
that the variable used to measure the intensity of noise and exposure to noise, such 
as LDEN,uear or typical night-time average sound level LAeq,22-07h, are non-specific 
considering the different effects of noise. For example, a noise indicator, such as 
LNight,year, does not address the intensity of individual noise events, the number of 
such events over a specific period, their duration or the duration and number of 
pauses between noise events in sufficiently specific detail when used as an indicator 
of a sleep disturbance risk. These may be highly different for different modes of 
transport, even if the LNight,year, or LAeq,22–07h,year, level is identical. 
 
Figure 6 presents a causality diagram, the purpose of which is, in particular, to 
explain the link between cardiovascular diseases and outdoor noise in residential 
areas. According to current knowledge, there is a statistical and epidemiological 
dependence between these diseases and the intensity of noise in residential areas in 
which the LAeq,07–22h,year level of outdoor noise is above 60–70 dB.* Certain recent 
studies have resulted in a lower level of traffic-induced noise†, i.e. LDEN,year = 45–
52.5 dB, from which the disease risk increases.564, 578, 167, 168, 169   
 
In Figure 6, the effects have been divided into two pathways: direct and indirect 
pathways. The direct pathway directly activates the central nervous system and, 
therefore, organs, while the indirect pathway is activated on the basis of conscious 
observations and assessments made of noise. Conscious and psychological reactions 
secondarily activate, at least in part, the same organ-based effects as the direct 
pathway. The indirect pathway may well be the cause of severe personal 
cardiovascular diseases.170 
 
The health effects of air pollution transmitted by stress reactions differ from noise-
induced effects in that the role of the indirect pathway is usually very small 
compared to the direct pathway.171, 172  The reason for this is that most health effects 
caused by air pollution are such that no conscious observations can be made of their 
concentration or intensity. Another difference is that, according to current 
knowledge, habituation to exposure may reduce, but also increase in some cases,‡, 

170 while reactions transmitted through the indirect pathway much more 
significantly than those transmitted through the direct pathway. 
 
Figure 6 emphasises non-auditory effects. These were first studied and identified in 
a work environment, in which the noise levels and exposure to noise are usually 
much higher than in a living environment. Methods to study the non-auditory 
effects of noise in a living environment started to improve in the 1980s, after which 
researchers started to find connections. Studies mainly focused on the effects of 
noise in living environments on cardiovascular diseases, mental health and immune 
responses.173 
 
 

                                                      
* The numerical values of different indicators of traffic-induced noise have the following 

rough links, when night-time traffic exists alongside daytime noise: LDEN  ≈ LDN  + 0.6 dB, 
LDEN  ≈ LAeq,day + 2 dB and LDEN ≈ LAeq,24h + 5 dB. 

† Usually, the intensity of outdoor noise is classified into categories of 5 dB in studies on the 
effects of noise. This figure represents the average of each category. For example, 52.5 dB 
is the average of the 50–55 dB category. 

‡ For example, emotional reactions directed at noise and its source can become more 
sensitive and intensify over time as the noise continues and is repeated. For example, see 
Figure 15. 
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Figure  6: A causality model of noise-induced health effects in accordance with current 
knowledge. This model emphasises the effects of noise on non-specific stress 
reactions and, therefore, any effects on cardiovascular diseases. Risk effects 
increase in the prevalence of cardiovascular diseases and begin when the 
average long-term LAeq,07–22h level of outdoor noise exceeds 60–70 dB in a 
residential area. Even lower threshold values have been defined in recent 
studies.522, 536,   

 
 
In the model illustrated in Figure 6 stress acts as a mediator, i.e. a filter between 
exposing noise and its effects (cardiovascular diseases).82, 164 The level of stress is 
measured, for example, by an index defined on the basis of the content of a specific 
hormone or several hormones and/or by standard sets of questions. 
 
It should be stated that the aforementioned stress-mediated models of noise-induced 
diseases have not been confirmed or refuted by means of animal testing. One reason 
is that animal tests have not been conducted to study the link between cardiovascu-
lar diseases and long-term exposure to noise.* A few studies have been conducted 
of acute and short-term noise stress effects.174, 175, 176, 690 These effects are fairly 
similar in animals as they are on people. In animal testing, exposure to noise is 
usually much more intense than in a regular residential environment. 
 

                                                      
* No information about exposure tests spanning over years was found in a literature search. 
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Many health effects of noise are assumed to be transmitted by the reduced quality 
of night-time sleep. Figure 7 presents a model (based on assumptions) of the 
transmission of severe health effects through a lower quality of sleep. According to 
this model, there are a number of pathways that interact with each other. It is 
apparent that it is very difficult, if not impossible, to prove such a model to be right 
or wrong. What this and many other models share is the key position of sleep and a 
reduction in its refreshing effect.177, 178, 186, 212  
 
The model illustrated in Figure 7 presents obesity, diabetes (type 2), hypertension 
and heart diseases as severe noise-induced diseases. In addition, statistical risk links 
depending on the intensity and type of noise have been discovered in studies:  

•  A link to the prevalence of cerebral infarction169 
•  A possible weak link to the prevalence of breast cancer166, 179, 579, 180, * 
•  A possible link to the prevalence of non-Hodgkin lymphoma181 
•  A possible link to the prevalence of dementia and a slight decrease in 

cognitive abilities182, 183 
•  A possible link to preterm births184  
•  A possible link to atrial fibrillation185 

 
 

 
 

Figure 7:  A causality model of noise-induced health effects transmitted through a 
reduction in the quality of sleep in accordance with current knowledge.186 

 
 
In recent years, it has been emphasised that current effect responses do not 
sufficiently cover population groups that are highly sensitive to noise or children.187 
 
When assessing the explanatory power of the models presented in Figures 5–7, we 
should ask how habituation to noise, i.e. a long-term stay in a specific noise area, 
affects the responses. According to a fairly common conception shared by 

                                                      
*  In the NORAH study, a weak link was discovered between the prevalence of breast cancer 

and intense aircraft noise (LAeq,23–05h = 55–60 dB) in noisy areas of Frankfurt Airport. No 
similar link was discovered between breast cancer and noise from other modes of 
transport. The literature lists a number of studies in which no link between breast cancer 
and traffic-induced noise has been discovered. 
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researchers,* no habituation can be seen in physiological and organ-based 
responses, while it has an impact on mental and emotional responses. Changes in 
emotional responses have a feedback-based (effect-based) link to physiological 
responses.212 Because the development of severe health effects requires long-term 
exposure, a long stay in an environment with intense noise is a factor that increases 
people’s risk of catching one or more noise-induced diseases. 
 
 
4.8 ANNOYANCE AND DISTURBANCE 
 
Harmful experience-based, including cognitive and emotional, effects caused by 
noise are currently divided into two categories: 1) more difficult performance of 
tasks and functions, and 2) negative noise-induced experiences. From the points of 
view of people exposed to noise, noise can produce more or fewer experiences when 
it does not disturb the performance of tasks and functions or even when noise helps 
to carry them out or when it improves performance. An indicator that represents and 
measures noise-induced experiences and their intensity is called annoyance when 
the aim is to emphasise that annoyance  and disturbance are different concepts or 
different noise responses.188, 189, 190   
 
As stated above, annoyance and disturbance are noise-induced reactions or effects. 
However, there are researchers who emphasise that noise is not an unambiguous 
cause of annoyance and disturbance, but only a factor or condition that enables this 
reaction.191 
 
The concept of “annoyance” or “disturbance” has been named as an indicator or 
criterion of the harmfulness of noise in the laws of many countries. Often, 
regulations use much more common concepts of harm, such as the concept of 
“unreasonable strain” in the Finnish Adjoining Properties Act. The legal 
significance of these concepts, or their significance for legal counsels (i.e. how they 
are interpreted by judges and lay judges, may differ greatly from how specialists in 
psychoacoustics or sociology understand them. Some concepts have no agreed 
measure or measurement method in the world of science. For example, the 
aforementioned concept of unreasonable strain has been used as a measure of harm. 
Enjoyment is another concept (variable) for which no measurement method accepted 
widely within the scientific community exists. For example, the Finnish 
Environmental Protection Act192 mentions enjoyment in the environment and any 
reduction in it as a possible effect of noise that causes disturbance in the 
environment. 
 
It should be stated that, “annoyance” has been used as the main criterion for noise 
in the EU Environmental Noise Directive. The concept of “Belästigung” has been 
used in its German version, “gene” in its Danish version and “störning” in its 
Swedish version. Corresponding translations of the concept of “sleep disturbance” 
are “Schlafstörung”, “svønforstyrrelse” and “sömnstörning.” Swedish does not have 
similar words for the concepts of “annoyance” and “disturbance” that would share 
their connotative meaning. In Sweden, researchers examining the effects of noise 
have used the concept of “störningsupplevelse” when referring to “annoyance.” In 
recent years, words derived from “besvär/besvära” have been used in Sweden when 
referring to annoyance.193, 194, 195  In Finland, the concept of “häiritsevyys” 

                                                      
*  For example, responses of the autonomic nervous system to noise. 
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(disturbance)* has been used when referring to “annoyance” in the instructions on 
implementing the Environmental Noise Directive (Government decree 801/2004). 
Accordingly, it means “a noise-induced experience considered to be negative.”  
 
 
4.8.1 ANNOYANCE 
 
The concept of annoyance and its different translations have had many meanings in 
the literature.82, 196, 197, 198,  199, 200, 201 The use of the concept is made even more 
confusing as it has often been divided into two sub-concepts: a) non-specific or 
general annoyance, meaning annoyance caused by overall noise (noise in general) in 
a living environment or negative attitudes (to the source or cause of noise) caused by 
noise; and b) specific annoyance, meaning annoyance and also disturbance caused 
by a specific type of noise in a specific exposure situation or condition.202, 203 
Annoyance that does not evolve into a complaint or other action directed at the noise 
or its cause is referred to as hidden private annoyance.204 The situation is even more 
confusing because annoyance has been and is measured using dozens of different 
methods.205 
 
Currently, annoyance is the most sensitive broadly used response to noise. For 
example, the prevalence of people who are highly annoyed by noise (%HA) at a 
specific noise level is higher than the prevalence of self-reported highly sleep 
disturbed (%HSD), and higher by at least one magnitude than the proportion of the 
prevalence of hypertension which, based on modern research, can be considered to 
be caused by noise. Surveys have shown that people start to be annoyed by noise 
when the LDEN,year level of outdoor noise exceeds 35–45 dB. In this case, the night-
time LAeq level is roughly 25–35 dB. 
 
Figure 8 presents a mechanism that explains causes of annoyance. This mechanism 
can be approached from two angles. A common approach is to only examine the 
dependence of annoyance on the intensity of the noise. In the other approach, the 
aim is to identify a theoretical explanation for the annoyance reaction. It is assumed 
that all audio signals in the environment have a specific psychological function for 
their recipient, i.e. content, significance or effect. For example, sound (and noise) 
transmits information about the state of the environment and provides feedback on 
the results of an individual’s activities. Sound is also used to communicate and to 
observe the state of the environment. It has been explained that the annoyance 
reaction is the result of a received audio signal not matching the function it should 
have or is expected to have in terms of content, significance or effect, or that the 
audio signal makes the function more difficult or even prevents it (e.g. memorising 
a text being read or remembering a text).206, , 207, 208, 209, 210 This explanation lacks the 
role of many moderators, such as attitudes, individual activities and societal 
environmental factors. 
 
Some researchers believe that annoyance is an indicator of noise-induced stress, so 
that it indicates the part of the intensity and properties of noise that cause stress. 
According to this view, annoyance indicates not only the intensity of subjective 
noise, but also the prevalence, or at least the possibility of the prevalence, of 
diseases resulting from different stress reactions.211, 451, 212 However, annoyance is 
not an unambiguous indicator of noise-induced diseases, as there is a feedback loop 
between annoyance and disease (effects, see Figures 5 and 8). Many have 
                                                      
*  A better selection had been word “kiusallisuus” that has better connotative coverage with 

the English annoyance than “häiritsevyys” has. “Häritsevyys” corresponds well with the 
English disturbance. 
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considered, and still consider, annoyance to be an indicator of the quality of the 
living environment, and nothing more. 
 
In some studies of the effects of noise, annoyance measured by means of surveys 
has been used as an indicator of the intensity of the exposure to noise in place of 
measured or calculated sound levels. Using the rate of annoyance, i.e. the effects of 
noise, as an indicator to explain the prevalence of other effects of noise, such as 
sleep disorders or hypertension, often improves statistical correlation, but reduces 
the explanatory force of noise. 
 
Attitudes towards noise and its causes, as well as the situation where people are 
exposed to noise, i.e. the context, can have an impact on the assessment of the 
harmful effects of noise more than the sound level. The effects on people’s 
experiences of aircraft noise are being studied in many countries. For example, 
Eurocontrol213 has conducted surveys of the impact of attitudes on experiences of 
aircraft noise.214 The conclusion of these studies (N = 647) was that the attitudes of 
people living close to airfields in different countries (Manchester in the UK, Lyon 
in France and Otopani in Romania) towards aircraft noise were different and 
depended on factors and conditions studied using different weights.215, 216 In 
November 2007, an extensive study was published in the UK. Its conclusion was 
that the negative attitudes of people towards aircraft noise have increased, and the 
annoyance response to aircraft noise has become more sensitive compared to 
studies conducted at the beginning of the 1980s.294 
 

 
 

Figure 8:  A causality model of annoyance and other effects and factors in accordance 
with current knowledge. 

 
 
4.8.1.1 MEASURING ANNOYANCE BY MEANS OF SOCIAL SURVEYS 
 
Annoyance is measured by means of surveys. These surveys use 3- or 6-step 
category scales or 5- or 11-step thermometer scales. On a category scale, the level 
of annoyance is defined using words, such as:  
- not at all annoying, 
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- tolerably annoying, 
- extremely annoying. 
Respondents then select a suitable option. 
 
A temperature scale is a numerical scale, with only the highest and lowest scores 
defined using words, e.g. an 11-step scale (0–10): 0 = not at all 
annoying/disturbing, and 10 = extremely annoying/disturbing. Respondents then 
select a suitable score. 

 
Currently, it is recommended that both category and temperature scales are used in 
surveys.86 The starting point of annoyance scales in accordance with the ISO/TS 
15666:2003 standard is that the lowest grade of annoyance corresponds with the 
least negative aspect or definition of intensity in each language (usually “not at all”) 
and the highest grade corresponds with the most negative or strongest aspect in each 
language (“annoyed” or “bothered”). On a category scale, suitable definitions 
(words) must be selected for the intermediate scores that divide the scores between 
the highest and lowest scores into equal categories. Because different people 
interpret the meaning of alternative definitions of the level of annoyance differently, 
the ISO/TS 15666:2003 standard requires that the scale is tested beforehand, so that 
different language versions measure the level and prevalence of annoyance in as 
uniform a way as possible. 
 
Two types of practices apply to surveys. In interviews, respondents are asked one 
question at a time. Respondents can read the questions before answering. In surveys 
sent by post and in some online surveys, respondents can read all questions before 
answering any of them. Reading all questions before answering them probably 
affects how people respond. 
 
Even if tested scales were used in surveys, different studies usually end up with 
highly different responses. For example, even if identical questions and scales were 
used to measure annoyance, other questions used in the study and their sequence 
may have an impact. Whether the survey only concerns a specific type of noise, 
such as aircraft noise, or whether the respondents are asked to assess annoyance 
resulting from all types of noise in the living environment is also a significant 
factor. For example, the survey of the effects of noise caused by Schiphol Airport 
(N = 293) stated that the average annoyance responses to aircraft noise were more 
sensitive in living environments in which road traffic noise was also intense. The 
conclusion was that, in a living environment with several types of noise, the impact 
of sensitivity to noise is emphasised as a moderator of annoyance.217 
 
An extreme example, differing from the results of other studies, is a Canadian 
study, which concluded that the responses of people highly annoyed by aircraft 
noise (around Montreal Airport) and railway noise (%HA) did not depend on the 
intensity of outdoor noise, while those of people highly annoyed by road traffic 
noise did. The study involved 4,336 people exposed to noise coming from different 
modes of transport. One of the weaknesses of the study was the inaccuracy of the 
assessment and classification of the intensity of the outdoor noise to which the 
respondents were exposed.218 
 
Figure 9 presents an example of a survey on the annoyance caused by aircraft noise 
conducted in the UK in 2005–2006.294, 219 The survey covered nine major airports 
and 55 different residential areas. In the figure, the results of the survey (N = 2,722) 
are presented in the order of intensity following the LAeq,07–23h level of outdoor noise 
in residential areas. The prevalence of annoyance (percentage of responses in each 
category) is based on responses given on a category scale. The names of the 
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categories used are indicated on the right. The LAeq,07–23h levels in the residential 
areas, 41–64 dB, are not divided equally into different noise levels. There were a 
different number of respondents in residential areas with different noise levels. In 
small samples, this variation can increase randomness. A second-degree polynomial 
(orange curve) that estimates variation in the category of “Very + Extremely 
Annoyed” at 50–60 dB has been drawn in the figure to estimate the average trend. 
 
 
The high variation in annoyance of different degrees as a function of noise levels as 
used in Figure 9 raises many questions, such as: 
 What factors and conditions contribute to the proportion of this variation that 

do not depend on the intensity of noise, i.e. the proportion according to which 
annoyance and its prevalence may be higher or lower than the average trend 
regardless of noise? 

 Is it possible to reduce the prevalence of annoyance by changing these other 
factors and conditions? 

 Is it possible that the prevalence of a specific degree of annoyance would not 
decrease, even if the noise level decreased, or that the prevalence would not 
increase, even if the noise level increased? 

 

 
Figure 9:  Results of a survey on the annoyance caused by aircraft noise conducted in the 

UK (N = 2,722). The distribution of the prevalence of annoyance into 
categories of specific degrees of annoyance in 55 residential areas with 
different noise levels. The prevalence of people not at all annoyed by noise is 
the proportion between the level of 100% and the highest curve. An 
approximate second-degree polynomial (orange curve), i.e. a trend curve at 
50–60 dB has been drawn on the curve of “Very + Extremely Annoyed” (green 
line) using the method of least squares. 219 

 
There are many reasons for variation in annoyance. As stated above, the intensity of 
noise typically explains 2–40% of variation in the level of annoyance. Attitudes 
towards noise and its causes, personal sensitivity to noise and prevailing conditions 
are often the most important factors that explain this variation. These have been 
discussed in Chapter 4.8.1.8 Attitudes and expectations in explaining the annoyance 
caused by aircraft noise. Other explanations discovered in studies are presented, for 
example, in the report “Grounds for assessing hazards caused by environmental 
noise” of the Ministry of Social Affairs and Health.82 
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Fidell et al. have developed a method to analyse surveys on annoyance, according 
to which the aim is to separate variation in situation-/location-specific annoyance* 
from annoyance depending on the intensity of noise. In this method, the proportion 
of the intensity of annoyance depending on the noise is assumed to depend on the 
intensity of the noise, which is measured by a variable similar to loudness.† The 
proportion depending on factors other than noise is defined separately. This method 
has, for example, been used to analyse any differences in the results of surveys on 
annoyance regarding different airports (N = 43).220, 221, 222, 223, 224, 254, 225, 226, 227 In 
Figure 10, the %HA response curve corresponds well with the community tolerance 
level (CTL), where CTL or %HA = 50% is the LDN level of 73.3 dB. At different 
airports, the CTL varies by more than 30 dB. 
 
The CTL has been used as an alternative indicator of the annoyance caused by noise 
and as a method to define annoyance responses in the 2016 ISO 1996-1 standard.228  
 
According to the CTL-based analysis by Gjestland and Gelderholm229, the 
prevalence of annoyance (%HA) depends not only on the noise level (LDN), but also 
of the number of flights that produce a specific LDN level at airports (N = 14)‡, at 
which daily traffic volumes have increased significantly over the past 3–5 years or 
which have reported upcoming increases in traffic volumes to people living nearby. 
Even if the LDN level did not increase at these airports, the double increase in the 
number of flights increased the %HA prevalence equal to a 1.8 dB increase in the 
LDN level. A survey of the annoyance caused by noise at five airports in Norway 
conducted by Gjestland et al.230, 282 concluded, based on a CTL analysis, that 
annoyance around an airport with changes in traffic volumes (Oslo) became more 
sensitive due to the increased number of flights, while no such changes in 
sensitivity based on the %HA prevalence was discovered around other airports 
where there were no changes in flights. 
 
 
4.8.1.2 CLASSIFICATION OF THE LEVEL OF ANNOYANCE, AND ANNOYANCE 

RESPONSES 
 
Currently, the level or degree of annoyance is defined as follows in many studies: 

•  A scale of annoyance is used, where 0 means “not at all annoying or 
disturbing” and 100 means “extremely§ annoying or disturbing.” 

•  Those whose score is 72 or more are considered to be highly annoyed (HA). 
•  Those whose score is 50 or more are considered to be annoyed (A). 
•  Those whose score is 28 or more are considered to be lightly annoyed (LA). 

 
When calculating responses from research material, the level of the lowest category 
(e.g. not at all annoying/disturbing) is 0 and the level of the highest category (e.g. 
extremely annoying/disturbing) is 100. Percentages corresponding to values 28, 50 

                                                      
*  It has been discovered that the sensitivity of annoyance responses shows high variation 

between studies regarding different airports. Fidell has analysed this variation using an 
indicator called the community tolerance level (CTL). It is the LDN level (or alternatively 
the LDEN level) which 50% of all respondents indicate to be highly annoying.  

†  Loudness (L) defined on the basis of the average long-term LDN level. It is defined on the 
basis of the following assumption: An increase of 10 dB in the LDN level doubles the 
loudness and a decrease of 10 dB halves the loudness [L ~ (10LDN/10)0.3]. 

‡  The control group consisted of 15 airports at which there were no any significance 
changes in traffic volumes and which did not report any increasing volumes. 

§  It is assumed that the concept of “extremely” means the highest level or degree of 
annoyance. 



Kari Pesonen Consulting Engineers Ltd  Page: 40 
Helsinki 

and 72 are interpolated into different categories on the basis of the distribution of all 
the responses.  
 
Figure 10 presents the prevalence responses of those highly annoyed by noise 
caused by different modes of transport as proposed by the WG2 working group 
which prepared the EU Environmental Noise Directive.231, 232 These responses are 
recommended to be used, unless a member state has separate responses that are 
scientifically more valid. The Netherlands Organisation for Applied Scientific 
Research (TNO) has a database consisting of studies conducted in different parts of 
the world (responses from more than 80,000 people280), most of which date back to 
more than 15–20 years. There is scientific evidence that the annoyance response of 
the population has become more sensitive during the past 50 years (see Chapter 
4.8.1.6). 
 

 
Figure 10: Responses of those highly annoyed by noise caused by different modes of 

transport as proposed by the WG2 working group which prepared the EU 
Environmental Noise Directive.231 Later (e.g. in Figure 12), the annoyance 
responses presented in this figure will be compared to responses presented in 
other studies.  

 
The scientific community is starting to reach a consensus that, when using variables 
like LAeq,long-term to measure the intensity of noise, the annoyance and prevalence of 
aircraft noise are higher at a specific noise level than the annoyance caused by road 
traffic noise, and both are higher than the annoyance caused by railway noise. 
However, there are studies that disagree. For example, studies have been published 
in Japan that do not show that the annoyance caused by railway noise is lower than 
that of road traffic noise.233, 234 According to a study funded by the Dutch Ministry 
of Infrastructure and Water Management235, the %HA prevalence of road traffic 
noise from motorways is fairly close to the similar response caused by aircraft 
noise. A recent study of the effects of noise in an Alpine environment found that the 
annoyance caused by railway noise depends on the LAeq level and the distance to the 
track. An identical LAeq level produced higher annoyance close to the track than 
farther from the track.236 The same study also concluded that the high annoyance 
prevalence (%HA) due to road traffic and railway noise increased much more 
steeply as a function of an increase in the noise level than what is presented in 
Figure 10.171  
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Studies (see Chapter 4.8.1.6) have shown that the annoyance responses to different 
modes of transport are (and at least have been) different, but the reason for this is 
unknown. Many explanations have been presented over the years. A few 
explanations are presented below.  
 
Usually, the level of outdoor noise on the side of a residential building where the 
level is the highest is used as the noise exposure level.* When it comes to road 
traffic and railway noise, the difference in noise levels between the side facing the 
street and the side facing in the opposite direction can be significant (10–25 dB). 
With regard to aircraft noise, this difference is lower.   In urban areas, reflections 
from surrounding buildings often reduce the differences in noise levels on different 
sides of buildings.237 The difference in noise levels has an impact on the indoor 
noise level inside rooms on different sides of buildings. It is assumed that people 
whose rooms (bedrooms in particular) are located on the protected (quiet) side are 
less annoyed than those whose rooms are on the noisier side. The quietness of road 
traffic on the quiet side of the building has at most the same effect on the annoyance 
experienced by residents than a reduction of 2–8 dB, or 5 dB on average, in the 
noise level on the street side.238, 239 A survey conducted in Belgium (N = 100) 
concluded that having a bedroom on the quiet side reduces the number of self-
assessed awakenings and makes it easier to fall asleep. Those whose bedrooms are 
located on the quiet side sleep with their windows open more often than those 
whose bedrooms are on the noisier side. 240 This may account for part of the health 
benefits that are assumed to be gained in situations where the bedroom is on the 
quiet side. 
 
Many surveys have applied an identical average outdoor noise level to people who 
live in a single noise area (e.g. all people living in an area of LDEN = 55–60 dB are 
exposed to noise of 57.5 dB) or the highest facade noise level of a residential 
building. This does not address the impact of living/sleeping on the protected side 
on the level of annoyance (or on the self-assessed sleep disturbance). It is difficult 
to study the impact of a quiet facade because the sound level of a quiet facade 
(courtyard, protected side) calculated using calculation models may differ by 5–15 
dB from the measured sound level (the measured sound level is higher than the 
calculated level).82,  241, 242, 243 
 
A study conducted in Norway at the beginning of the 2000s concludes that people 
exposed to noise do not only assess noise in their living environment and its effects 
based on noise directed at the building or the intensity of noise travelling indoors 
from outdoors, but they take noise detected at a distance of at least 50–100 m from 
the building into consideration.244, 245 According to this study, intense noise detected 
within this distance (more intense noise than that directed at an apartment or the 
courtyard side) increases their annoyance, while quiet locally protected outdoor 
areas within this distance do not reduce annoyance caused by outdoor noise in a 
living environment. 
 
The intensity of noise travelling indoors from outdoors has at least some effect on 
how people exposed to the noise experience it in their living environment and 
harmful effects caused by different noise sources, including sleep disorders. -Sound 
insulation in the external building shell and the means of keeping windows and the 
needs to do so differ from one climate zone to the next. This causes differences in 

                                                      
*  The 2015 revision to the EU Environmental Noise Directive (2015/996) and new 

CNOSSOS calculation models require that the number of residents exposed to different 
levels of road traffic and railway noise is assessed on the basis of the facade sound level 
of apartments located on different sides of buildings. 



Kari Pesonen Consulting Engineers Ltd  Page: 42 
Helsinki 

the results of surveys conducted in different countries and conditions. It should be 
noted that, for example, when residents are asked how negatively or repetitively 
they experience sleep disorders caused by night-time noise, the different ways of 
keeping windows open are included uncontrollably. However, when studying sleep 
disorders in apartments using measurements, windows may be kept closed or 
slightly open in all apartments throughout the study (i.e. the situation is controlled). 
 
A number of other factors, such as the attitudes of people exposed to noise to the 
source and cause of noise, individual sensitivity to noise and/or the general quality 
level of the living environment, usually account for as much as or more than the 
noise level concerning the variation in personal reactions to noise.246, 247, 248, 249, 660, 8, 

250, 299 The attitudes of people exposed to noise to the particular type of noise or the 
particular cause of noise affects how annoying the specific noise is assessed to be, 
for example. The level (sensitivity) of annoyance and sensitivity to noise vary at 
different times of the day. Both of these are usually at their lowest during the day 
and at their highest late in the evening and early in the morning.251, 252, 291, 299, 253 

 
According to recent studies, the annoyance caused by aircraft noise as assessed by 
people exposed to noise has increased, either because attitudes towards aircraft 
noise and its causes have changed in a more negative direction, because respondents 
have become sensitive to aircraft noise, or because the properties of the noise have 
changed so that a single noise level produces a stronger effect. Changes in 
annoyance responses are discussed in Chapter 4.8.1.6. 
 
 
4.8.1.3 ANNOYANCE RESPONSES TO AIRCRAFT NOISE 
 
Figure 11 presents the prevalence responses of people annoyed to different degrees 
by aircraft noise presented by the WG2 working group which prepared the EU 
Environmental Noise Directive.231, 232 Here, a fairly recent meta-analysis (N = 
52,778; 356 residential areas) by Fidell and Silvati of the prevalence and prevalence 
responses of the highly annoyed should be mentioned.254 
 

 
Figure 11: Prevalence responses of people annoyed to different degrees by aircraft noise 

presented by the WG2 working group which prepared the EU Environmental 
Noise Directive.231, 232 



Kari Pesonen Consulting Engineers Ltd  Page: 43 
Helsinki 

 
Figure 12 presents the %HA response to aircraft noise presented by WG2 compared 
to a similar annoyance response report presented in studies conducted in Europe in 
the 1990s and the early 2000s and presented by the US administration’s cooperation 
committee (FICON) in 1992.231, 255, 256, 257 Reasons for the differences have not been 
studied in this report. According to a Japanese study of aircraft noise, people 
exposed to noise assessed aircraft noise in their living environment to be more 
annoying when the annoyance caused by aircraft noise was mentioned than when 
the annoyance caused by noise in general in the living environment was 
mentioned.258 
 

 
 

Figure 12: The prevalence response of those highly annoyed by aircraft noise presented 
by WG2 compared to a similar annoyance response report presented in studies 
conducted in Europe in the 1990s and the early 2000s and presented by the US 
administration’s cooperation committee (FICON) in 1992.231, 255, 280, 257, 259 The 
1992 FICON and UK responses have been added by Kari Pesonen. 

 
Figure 12 illustrates the high variation in the results of surveys on annoyance 
conducted around different airports and at different times (trend curves of different 
degrees of annoyance calculated on the basis of responses). This raises the 
following questions: 

•  How can the results of studies conducted in different environments at 
different times be transferred to other environments and times? 

•  What prevalence of annoyance should be used as a target value for a 
healthy and high-quality living environment? 

 
The variation in the %HA responses of the most recent separate and summary 
studies as presented in Figure 12 has been roughly as high as in this figure. For 
example, the percentage of people who feel that aircraft noise of LDEN = 60 dB is 
highly annoying has ranged from 10% to 70%.260, 261, 262, 263, 264  
 
In many countries, noise guideline values applied to land use planning are based on 
the prevalence of annoyance. For example, in land use planning in the US, the 
upper limit of LDN = 65 dB for aircraft noise in residential areas is based on %HA 
not exceeding the accepted prevalence of 12.5% (according to the 1992 FICON 
response). According to Fidell’s meta-analysis,220 %HA has been much higher than 
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12.5% at LDN = 65 dB in many studies of annoyance around airports than the 
responses shown in Figure 12. 
 
According to the EU/WG2 curve, the LAeq,day,year = 55 dB level used commonly as a 
guideline value for outdoor noise in living environments in urban areas corresponds 
with values %HA = 10% and %A = 28%. From the 1970s to the 1990s, it was 
believed that the percentage of people highly annoyed by noise in a high-quality 
living environment should not exceed 5–10%.265 This most likely cannot be 
achieved around any large airport (even if the EU/WG2 or 1992 FICON response 
was used). For example, roughly 400,000 people live in areas where the LDEN,year 
exceeds 55 dB around Heathrow Airport in London.266 
 
Of the many factors that affect the annoyance caused by aircraft noise, the onset 
rate of intensity (dB/s), variation in intensity over time, the duration of noise and 
spectral properties should be mentioned in addition to the intensity of the aircraft 
noise.267, 268, * The rate of growth typically affects annoyance so that, at onset rates 
of less than 15 dB/s, the effect of the onset rate on annoyance is fairly low. 
However, when the onset rate is higher than 15–30 dB/s, the annoyance increases 
more steeply. When flying over a point of observation in a straight line and the 
flight speed increases, the onset rate of the intensity of the noise becomes steeper 
(increases), while the duration of the fly-by noise decreases. 
 
Studies conducted in the US recommend that, when assessing the level of 
annoyance, the following correction be made to the LDN level (of flights at low 
altitudes): ∆L = 11 lg(OR) – 12.9 dB, when the noise onset rate (OR) is 15–150 
dB/s. At onset rates of less than 15 dB/s, the correction is 0 dB.269, 270, 271, 272 In a 
German specialist report, it was proposed that an onset rate of 4–15 dB/s would 
increase the level of annoyance compared to a lower onset rate.273 The onset rate of 
the intensity of aircraft noise has also been found to affect the risk of sleep 
disorders.363As stated above, an increase in the onset rate, i.e. a steeper increase in 
the intensity of noise, increases this risk. At the same time, however, the duration of 
a fly-by usually decreases, which should reduce this risk. In residential areas around 
airports, the onset rate of the noise level of scheduled overflights is usually less than 
5 dB/s. For example, the LAS typically increases by at most by 1–4 dB/s (see, for 
example, Figure 3). In this case, the effect of the duration (and, of course, the 
intensity) of the noise on annoyance caused by a single fly-by is a more significant 
factor than the onset rate. 
 
The increasing and decreasing onset rate of the intensity of the noise from a landing 
with an identical maximum level is typically higher than the noise from a take-off 
by aircraft of a similar size. In this case, the duration of the noise from the take-off 
is longer than the noise from a landing. The LAE level of the take-off is higher than 
that of the landing due to the longer duration. The underlying factor is that, as the 
maximum level of the landing and take-off is identical, the distance to the landing 
aircraft is usually much shorter than that to the aircraft taking off.† 
 
The use of the LASmax level of outdoor noise and the number of flights as an indicator 
of annoyance and health effects in place of or in addition to the LDEN level was 
studied in Sweden in 2011. The study included a survey (N = 3,130) and listening 
tests (N = 30) in a laboratory. The study concluded, for example, that the number of 

                                                      
* The onset rate of a sound level depends on the time weighting (fast, slow, other) used to 

measure the temporal rate of change in the noise level. 
† See formulas (2) and (3). 
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people annoyed by noise increases significantly when the number of daily flights 
above the LASmax level of 70 dB is more than 3–5 flights.274  
 
According to my knowledge, two surveys on the effects of aircraft noise have been 
conducted in Finland.275, 276 The method to measure the level of annoyance and the 
method to analyse results used in Höglund’s study275 do not meet the standards 
recommended by the scientific community. According to my brief analysis on the 
basis of the results of Höglund’s 1998 study, there was no reason to assume that the 
%HA response of Finnish people differs significantly from the similar EU/WG2 
response in residential areas where the LDEN level is 55–65 dB. Above this noise 
level, Höglund’s study resulted in a lower prevalence than the EU/WG2 response. 
In the survey commissioned by Finavia (N = 1,302), the number of people living in 
a noise area of LDEN ≥ 55 dB*, 19,† was very low; however, this represented 33% of 
all households (N = 58) included in the survey. Of all respondents, 9% considered 
outdoor noise caused by commercial aviation to be highly annoying, while 3% 
considered noise caused by commercial aviation travelling indoors from outdoors to 
be highly annoying. Corresponding figures for general and military aviation were 
higher. For example, 60% of all respondents experienced outdoor noise caused by 
military aircraft to be highly annoying. Considering generalization and 
representation, a sample size of 19 respondents is small.276 
 
The EU/WG2 response has been defined using a sample size nearly two times 
higher than the Höglund response, using living environments where the sound 
insulation capacity of the building shell is lower and where apartments are closer to 
runways and there are more flight routes than at Helsinki Airport.  
 
 
4.8.1.4 DIFFERENCES IN INDOORS AND OUTDOORS ANNOYANCE 
 
Many studies have shown that annoyance (based on surveys) correlates much better 
with the intensity of outdoor noise than that of indoor noise. No consensus over the 
reasons for this difference has been reached within the scientific community. Often, 
the intensity of indoor noise and any variation in it over time depend more on the 
living habits of residents than on the intensity of noise travelling indoors from 
outdoors. This means that the intensity of and variation in indoor noise correlate 
poorly with the intensity of and variation in outdoor noise caused by a specific 
noise source.82 
 
In listening tests conducted in the 1960s in the UK, test subjects were found to 
assess the disturbance caused by specific intense aircraft noise to be higher indoors 
than outdoors. Figure 13 presents the dependence of the disturbance caused by 
overflights277 on the intensity of the momentary maximum level of aircraft noise 
indoors and outdoors. Indoor noise was found to be roughly 18 dB lower in order to 
be considered as disturbing as outdoor noise. The researchers suspected that, when 
assessing the level of disturbance, the test subjects unconsciously considered the 
sound insulation capacity of the building shell.278, 279  In this study, the category 
scale of disturbance (or noisiness, 1996) is a little illogical (Figure 13, y-axis). It 

                                                      
* Airport noise areas have been calculated considering all air traffic. Apparently, the full-

year average daytime, evening-time and night-time traffic volumes of different aircraft 
types have been used as an input value in the calculation of the LDEN level. 

† The questionnaire was sent to all 58 households in the noise area in question. Responses 
were received from 19 households. One household per address was regarded as one 
respondent. 
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does not measure the level of disturbance on a category scale that increases 
monotonously and at even steps. 
 
A survey of the effects of aircraft noise conducted in Sweden in 2011 (N = 3,130) 
stated that the respondents experienced aircraft noise in their residential area to be 
less annoying indoors than outdoors. For example, 43% of all respondents 
considered an outdoor noise of LDEN = 50–54 dB to be highly annoying, while 34% 
considered an indoor noise of the same intensity to be highly annoying.274  
 
Furthermore, the survey, commissioned by Finavia, conducted of people living 
around Tampere-Pirkkala Airport stated that people living in aircraft noise areas 
experienced indoor noise (aircraft noise travelling indoors from outdoors) to be less 
annoying than outdoor noise.276 
 
In the survey concerning Helsinki Airport,275 the respondents stated that they 
considered aircraft noise to be more annoying outdoors than indoors. Höglund 
assumes that the reason for this difference is that the respondents interpreted the 
question to mean the intensity of noise. It has not been studied the extent different 
factors, such as the sound insulation capacity of the building shell (which is better 
in buildings around Helsinki Airport than in buildings in many other countries) and 
the time of year the survey was conducted (autumn), affected the results. 
Annoyance is known to depend, at least to some extent, on the time of year (the 
prevalence of high annoyance is greater in the summer than in winter), weather 
conditions and the temperature.280, 281, 282, 299 
 
 

 
Figure 13: The level of annoyance experienced indoors and outdoors depended on the 

maximum level of aircraft noise according to a survey conducted in the UK in 
the 1960s.   

 
According to a Dutch meta-analysis,280 a temperature difference of 15 °C (the 3-
month average temperature during the survey period) has the same impact on 
annoyance as a difference of 1–3 dB in the LDEN/LDN level.  
 
In a Norwegian survey of the effect of noise around five airports282 (N = 1 504), 
80% of all respondents (N = 518) felt that aircraft noise was more annoying during 
the summer than during any other seasons. However, only 34% (N = 518) of all 



Kari Pesonen Consulting Engineers Ltd  Page: 47 
Helsinki 

participants in the survey (N = 1,504) responded to the question about annoyance 
during different seasons. At a military airfield (Bodø), differences in the levels of 
annoyance caused by noise during different seasons were not as distinctive.*  
 
In Finland, large changes between seasons probably have a greater impact on 
typical habits of residents than in other EU states in Central and Southern Europe. 
For example, people living in detached and terraced houses in Finland use their 
outdoor areas much more in summer than in winter, and it is generally assumed that 
the noise in the outdoor area is more significant in the summer than in winter 
regarding annoyance. In Finland, outdoor areas cannot be used as much as in many 
other countries. In winter, we keep our windows closed more often than in countries 
where the outdoor temperature is higher. 
 
Annual distributions of queries sent to Finavia regarding aircraft noise confirm that 
there are more complaints and queries during the summer than during the winter.283, 

284 
According to a 2014 survey (N = 1,877) by the UK Civil Aviation Authority 
(CAA),† (taking social status into account as a factor) the annoyance caused by 
aircraft noise does not depend on whether the windows were single- or double-
glazed.299 
 
 
4.8.1.5 DIFFERENCES IN ANNOYANCE CAUSED BY AIRCRAFT NOISE DURING 

THE DAY AND THE NIGHT 
 
Surveys on annoyance have often only asked about the general annoyance caused 
by noise in a residential area (over the past 12 months). Some studies have 
separately aimed to identify annoyance caused by daytime and night-time noise, 
while some have aimed to identify the weighted difference between daytime and 
night-time noise (adding weight to evening and night-time noise) on the basis of 
annoyance correlating best with LDN and LDEN noise levels.285, 286, 257 These studies 
have reached the conclusion that a weight of 10 dB (added) to the LAeq level when 
determining the full-day LAeq level produces the best correlation. The assessments 
are based on far-reaching simplifications and assumptions of variation in noise 
caused by aircraft. 
 
Examples of studies that have separately identified the annoyance caused by aircraft 
noise during the day and the night include a study conducted around Frankfurt 
Airport. People living in the airport’s noise zone (N = 2,309) reported that they 
experienced night-time annoyance caused by different types of outdoor aircraft 
noise to be a little higher than their daytime annoyance, but a little lower than full-
day annoyance. In conjunction with this study, 200 people reported the level of 
daytime (07–23 h) annoyance they experienced as a result of aircraft noise during 
each hour over several days. The average daytime level of annoyance of 200 people 
calculated on the basis of this hourly annoyance was one step lower on a five-step 
scale in all noise areas than the full-day annoyance defined in the main study.255, 259 

The reason for this was probably that remembered annoyance is usually higher than 
a currently experienced noise of the same intensity. 
 

                                                      
* The survey also asked about the level of annoyance (in general) when the respondents 

were at home. The level of annoyance at different times of the day and year when the 
respondent was at home were also dealt with separately. 

† Civil Aviation Authority (CAA). 
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The 1998 survey of the effects of noise around Frankfurt Airport287 (N = 1 147) 
reached the conclusion that the prevalence of people relatively highly annoyed by 
noise288 (linearly adjusted response) depended roughly similarly on the LAeq level 
during the day and during the night. The data produced during the study was re-
analysed when preparing this report. For example, approximated trend curves on a 
second-degree polynomial were nearly identical (daytime noise R2 = 71% and 
night-time noise R2 = 59%). According to this study, the night-time noise does not 
need to be weighted in order to generate an indicator of the overall full-day 
annoyance caused by noise similar to LDEN. 
 
A study was conducted in Germany at the beginning of the 2000s (N = 1,110) to 
identify differences in the annoyance caused by road traffic and railway noise 
during the day and the night. The results showed that the annoyance caused by road 
traffic noise was the most sensitive during the afternoon between 4 and 7 pm, while 
that caused by railway traffic was the most sensitive between 6 and 10 pm. 
Annoyance caused by aircraft noise was not studied. Differences in the annoyance 
levels at different times of the day increased as the daily traffic volume (and the 
LAeq,24h level) increased.289 Similar differences in the levels of  annoyance at 
different times of the day, depending on the full-day traffic volume, may also be 
applicable to aircraft noise. This means that, when the traffic volume and the 
unweighted LAe,.24h increase, a specific LAeq,1h level produces a different level of 
annoyance and a different prevalence of a specific type of annoyance. 
 
The EU-funded COSMA study290 asked people living around three airports 
(Heathrow in London, Cologne in Bonn and Arlanda in Stockholm) to assess at 
what time of the day they found aircraft noise to be the most annoying. Around 
Cologne and Arlanda, aircraft noise was felt to be the most annoying between 3 pm 
and 12 midnight. At Arlanda, the peak hours were from 5 pm to 8 pm and, at 
Cologne, from 9 pm to 12 midnight. Around Heathrow, the annoyance felt was the 
highest between 4 and 7 am.291 The report does not say how traffic volumes at these 
airports differ from one another at different times of the day or how traffic volumes 
were divided between different hours of the day at these airports. 
 
The Norwegian survey of the effects of noise around five airports (N = 1,508) asked 
respondents to define at what time of the day* they felt noise to be the most 
annoying. Only 43% (N = 646) of the respondents answered this question. Of these, 
42% (N = 275) stated that the noise was the most annoying between 12 noon and 6 
pm, while 23% (N = 131) stated that the noise was the most annoying during the 
night between 11 pm and 6 am. The study does not indicate the LAeq level of outdoor 
or indoor noise in the respondents’ apartments at different times of the day or how 
many and what types of planes flew over their apartments at different times of the 
day.282 
 
People usually respond to surveys during the day. Any noise heard when 
responding to a survey or heard recently before responding, such as in the morning 
when waking up, may affect how annoying a person considers night-time noise to 
be. 
 
4.8.1.6 CHANGES IN THE ANNOYANCE RESPONSE TO AIRCRAFT NOISE 

DURING THE PAST 50 YEARS 
 
Figure 14 presents a comparison of the results of surveys on the annoyance caused 
by aircraft noise since 1964. The figure presents the LDEN level of each study at 
                                                      
* 6–9 am, 9 am – 12 noon, 12 noon – 6 pm, 6–11 pm and 11 pm – 6 am. 
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which 25% of respondents have assessed aircraft noise to be at least highly 
annoying. The annoyance scales of different studies have been converted to be as 
close to one another as possible. Those respondents whose responses are in the 
three highest categories or degrees on a 10-step equivalent conversion scale or 
whose score is 72 or higher on a 100-step scale have been considered to be highly 
annoyed by aircraft noise.  When measuring annoyance on a five-step category 
scale, many researchers consider those in the two highest categories to be highly 
annoyed by noise. Of the 38 studies in Figure 14, 14 are the same studies as those in 
the database of response curves in Figure 9,231, 232 six are taken from a Dutch study 
published in 2005292 and the rest are taken from other recent studies.293, 294, 295, 296, 

297, 465, 274, 219 
 
The observations shown in Figure 14 indicate that the perceived nature of aircraft 
noise at an identical LDEN level has changed and is considered more annoying than 
before,* and that the sensitivity of the annoyance response has increased, or that 
both of these factors have increased the prevalence of people highly annoyed by 
aircraft noise and/or the annoyance assessment response has become more sensitive. 
The sensitivity of the annoyance response may have also changed as a result of 
attitudes towards noise or causes of noise or changes in quality expectations set for 
the environment. In addition, any changes in methods used to measure annoyance, 
such as the content, number and sequence of questions and scales, may also have 
had an effect.298 
 
There are also studies that do not identify any significant changes in sensitivity to 
annoyance caused by aircraft noise. Examples include the results of surveys 
conducted by the UK CAA† in 1982, 2003, 2004, 2013 and 2014. The LDEN level, at 
which 25% of respondents were considered to be highly annoyed, was 65 dB in 
1982, as it was also in 2014. However, 6% of respondents to the 2014 survey assed 
that the aircraft noise has increased after they moved into their current apartment 
(OR = 13.7) and this is an indication that aircraft noise has increased or that 
reactions have become more sensitive. In addition, 35% of respondents to the 2014 
survey believing that aircraft noise will increase next summer is an indication of 
negative attitudes towards future development.299   
 
Examples of recent meta-analyses that reached the conclusion that there has not 
been any significant change in general sensitivity to annoyance among the 
population include the study conducted by Gelderblom et al.300 According to this 
study, the main reason for the increased sensitivity identified is that studies that 
have identified any increases in sensitivity have been conducted within a fairly 
short period of time (at most three years) after significant increases in aviation 
activities and aircraft noise. Similar changes in sensitivity have not been identified 
in studies of annoyance around airports with stable or only slightly changed 
activities or noise levels. According to the researchers, changes in noise situations 
cause people to report a higher level of annoyance than people who are exposed to 
similar aircraft noise and who living in an area where aircraft noise has not 
increased.300 
 
Another example of a recent meta-analysis of annoyance caused by aircraft noise is 
the study conducted by a team of specialists from the WHO Regional Office for 

                                                      
* At commercial airports, it is common that the number of noisy aircraft has decreased, 

while the number of quieter aircraft has increased. In situations where the long-term 
average sound level has not changed significantly, the increase in the number of flights 
usually increases the levels of annoyance. 

† Civil Aviation Authority (CAA). 
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Europe. According to this study, sensitivity has increased between 2000 and 2014, 
but different studies are highly heterogeneous.190 

 
Figure 14: Changes in the levels of annoyance caused by aircraft noise between 1965 

and 2015. The figure presents how the LDEN level of outdoor noise, at which 
25% of respondents state that they are highly annoyed by noise, has changed 
during the past 50 years. The curve explains 66% of variation in observations. 
It is assumed that LDEN  ≈ LDN  + 0.6 dB, LDEN  ≈ LAeq,day + 2 dB and LDEN ≈ 
LAeq,24h + 5 dB, when there is also night-time traffic. The trend curve, which is 
an approximate second-degree polynomial, has been defined in conjunction 
with this report. 

 
According to the %HA curve in Figure 10, 25% of people exposed to noise are 
highly annoyed at the LDEN level of outdoor noise of roughly 65 dB. According to 
Figure 14, this situation corresponds to the year 1981. As stated above, most of the 
studies on the annoyance caused by aircraft noise presented in Figure 10 are very 
old. 
 
The survey on the effects of noise around five airports conducted in Norway in 
2014–2015 (N = 1,504) reached the conclusion that the responses of people who 
were highly annoyed (%HA) by the noise around four airports* were less sensitive 
than the %HA responses in Figures 10 and 11. The %HA responses of people living 
near Gardemoen Airport in Oslo were more sensitive than the responses in these 
figures.282  
 
When it is examined how aircraft noise at an identical LDEN level has changed 
around large airports similar to those included in the studies presented in Figure 14, 
the general trend is that the intensity of noise coming from individual overflights 
(take-offs, in particular) has decreased, while the number of planes (traffic 
frequency) has increased. Around many airports, residential areas have expanded 
closer to airports, and a larger number of the dwellings taking part in the survey 
may be located under flight routes. There are also indications that information or 
assumptions about an expected increase in aircraft noise or in the activity of airport 
operations or significant changes in routes is reflected in surveys as a more sensitive 
annoyance response.301, 302, 303, 80, 304, 305, 306, 307, 308, 309 
 

                                                      
* Stavanger-Sola, Trondheim-Værnes, Tromsø-Langnes and Bodø.  
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4.8.1.7 EFFECTS OF THE TYPE OF DWELLING AND THE LIVING 

ENVIRONMENT ON ANNOYANCE 
 
According to studies, the type of dwelling and the living environment have an 
impact on the annoyance caused by environmental noise.310, 311, 312, 313, 314, 315 For 
example, a study of railway noise conducted in the UK found that people living in 
cities experienced noise at a (statistically) identical LAeq level to be more annoying 
than people living in the countryside. This difference corresponded with a difference 
of 4 dB in the level of exposure.316 The situation may be the opposite regarding 
some other types of noise and in some other studies. In Austria, for example, people 
living in the countryside were more sensitive than people living in cities. People 
living in detached and terraced houses have been found to consider traffic noise to 
be more annoying than people living in blocks of flats.317 The general quality level 
of a residential area is known to have an impact on annoyance. The higher the 
quality is, the higher the prevalence of annoyance of different degrees.  
 
No studies on the effects of the type of dwelling on the annoyance caused by aircraft 
noise are available. Instead, the intensity of background noise has been stated to 
have an impact on the annoyance caused by aircraft noise. Aircraft noise of an 
identical level causes a higher annoyance response in areas with low levels of 
background noise than in areas with high levels background noise.318, 319 There are 
also studies that have reached the conclusion that the intensity of background noise 
in relation to the aircraft noise being studied has no significant impact on 
annoyance.304, 320 
 
For example, studies in the field of landscape architecture and studies of the 
environmental impact of vegetation have found that the amount and quality of 
vegetation in urban areas has an impact on stress caused by different environmental 
exposure agents and factors and even on the prevalence of violent behaviour 
(crime).321 The trend seems to be that an increase in the amount of vegetation (trees, 
plants) reduces the prevalence of stress caused by environmental factors, such as 
noise, and improves the quality of the residential area.321, 322  Studies of the effects of 
noise have not usually covered the moderating effect of vegetation on stress and 
other noise responses as a factor explaining variation in annoyance independent of 
noise. 
 
 
4.8.1.8 ATTITUDES AND EXPECTATIONS IN EXPLAINING THE ANNOYANCE 

CAUSED BY AIRCRAFT NOISE 
 
As stated many times above, the intensity of noise directly explains only part, 
typically 2–40%, of variation in the level of annoyance reported by people who 
have responded to surveys. Other factors explain larger parts of annoyance. Often, 
attitudes, fears over safety and security and expectations (combined) explain more 
than the intensity of noise.304, 303, 319, 301, 323, 81, 324, 325, 82, 5, 7, 8, 616, 326, 327, 328 
 
When planning the expansion of Frankfurt Airport in 2005, a survey was conducted 
alongside extensive environmental impact assessments to identify the factors that 
caused annoyance as measured by means of surveys. The survey had 2,312 
respondents who lived in 66 different residential areas.257 Figure 15 presents a path 
model of reasons for and variation in annoyance. The model explains 79% of the 
random variation in annoyance. The figures next to the arrows indicate the standard 
correlation factor (r) of the path in question. Unfortunately, only a little information 
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about the analysis method has been published. Therefore, it is impossible to assess 
how unambiguous the results are (i.e. whether another method would have resulted 
in a conflicting path model). 
 
 

 
 

Figure 15: Examples of factors that explain annoyance caused by aircraft noise. This is 
an analysis conducted on the basis of the results of a survey (N = 2,313) 
conducted before the expansion of Frankfurt Airport. The modelling method 
used in the analysis was not causal, meaning that it did not eliminate any 
opposite causality.257 

 
The standard (i.e. defined in the model) correlation factor of the direct path of the 
LDEN level r = 0.20. In other words, it explains 0.202 = 00.4 = 4% of variation in the 
level of annoyance reported by different people. Considering that the entire model 
explains 79% of the variation, the LDEN level explains 0.79 × 4 = 3.1%. The LDEN 
level also affects annoyance by increasing different fears associated with aircraft 
and air traffic (e.g. aircraft accidents close to an airport) and negative attitudes 
towards emissions and harmful effects other than noise. Trust towards the aviation 
industry indicates trust in the industry being able to reduce aircraft noise (and 
emissions) in the future. Increases in positive expectations (r = -0.17) reduce 
annoyance. This includes expectations that the airport will have a positive impact 
on general development in the local area, improve services and transport 
connections, generate tourism income and improve the quality of life. Negative 
expectations (r = 0.35) include similar negative expectations and attitudes, 
according to which the airport and its expansion only have negative effects and 
results. 
 
This analysis of the results of the Frankfurt survey reached the conclusion that trust 
or the lack of it towards the activities of public authorities does not have any 
statistical impact. For example, the lack of trust occurs when public authorities are 
expected to be able to take action to reduce noise and harmful effects, but they do 
not act in the best interests of people exposed to noise. In this respect, the results 
differ from those of the broad meta-analysis by Fields304. 
 
The results of the Frankfurt survey are not new discoveries. Similar results were 
already reported in the 1950s.5, 7 Attitudes,329 fears and beliefs were stated to 
explain more of the annoyance than noise in many studies on the annoyance caused 
by aircraft noise conducted in the 1960s and at the beginning of the 1970s.8, 330, 331, 
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676 I reviewed most of the results published during these decades when I prepared a 
proposal for the 1979 noise guidelines and guideline noise values for the National 
Board of Health. According to the understanding at the time, statements of health 
considered to be attitudes or claims, or of underlying factors or conditions, were not 
considered to be harmful health effects. 
 
The survey conducted by the UK CAA in 2014 (N = 1,877)* reaches the conclusion 
that a high degree of self-assessed sensitivity to noise increases the probability of 
experiencing noise as highly annoying. The sensitivity to experiencing noise as 
annoying increased if the noise was considered to be more intense than expected 
immediately after moving into the current place of residence.299 
 
The survey of the effects of noise at Ninoy Aquino International Airport in Manila, 
in the Philippines, (N = 321) reached the conclusion that sensitivity to noise and 
financial standing were the most important factors that explained how annoyance 
was experienced. The level of self-assessed sensitivity to noise and a good financial 
standing explained positively how the level of annoyance was experienced. A high 
sensitivity to noise also explained how easily/sensitively a person woke up due to 
noise.332 
 
The extensive GEDA 2012 survey conducted in Germany in 2012 (N = 19,294) 
reached the conclusion that people in a low socioeconomic position were more 
sensitive to experiencing road traffic and railway noise and noise from the adjoining 
property as annoying than people in an average or good position. With regard to 
aircraft noise, the situation was the opposite among men. Among women, those in 
an average financial position were the most sensitive.333 
 
A Swedish survey (N = 3,406) aimed to identify the prevalence of sensitivity to 
noise, chemicals, electricity and building conditions and any links between these 
sensitivities. Of all respondents, 6.8% were sensitive to at least one of these factors, 
whereas 5.8% were sensitive to at least two factors and 1.3% were sensitive to at 
least three factors. The reason for or the mechanism of multiple sensitivity cannot 
be explained.334 
 
 
4.9 SLEEP DISTURBANCE AND SLEEP DISORDERS 
 
Sleep disorders caused by night-time (indoor) noise are regarded as its most harmful 
health effects. Experiences that make falling asleep more difficult and reduce the 
refreshing effects of sleep and that cause changes in the body’s functions can be 
called sleep disorders (disorders in normal sleep). Certain changes in the electrical 
activity of the brain (EEG) caused by noise are also referred to as sleep disorders.335 
Sleep disturbance means the process in which noise causes negative changes in 
sleep and its quality.  
 
Awakening from sleep, or inability or difficulty falling asleep (or falling asleep after 
awakening) are regarded as the worst sleep disorders caused by noise. Regularly 
repeated sleep disorders (sleep debt) are assumed to cause, worsen, or lengthen 
many diseases, and these effects are considered to increase the harmful health effects 
of sleep disorders caused by noise.336, 337, 338 Then again, it is known by experience 
that rest and sleep help, speed up or safeguard recovery from many diseases, and 
that many mental illnesses include sleeplessness as a (worsening) symptom. Since 

                                                      
* Civil Aviation Authority (CAA). 
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many diseases result in a lower quality of sleep, it is more difficult to identify any 
external causes of sleep disorders, such as noise. 
 
According to a 2000 health survey (N = 7,262), the average duration of sleep among 
Finnish adults was 7.5 hours. The average distribution was 1.24 hours. Of all 
respondents, 14.5% slept six hours or less, and 13.5% slept nine hours or more.339 
Over time, the sleep duration has decreased by 5.5 min per decade and seems to be 
continuing to decrease.340 According to Duodecim’s health library, 70% of Finnish 
people go to bed between 9:30 pm and 11:30 pm. More than 60% wake up between 
5:30 and 7:30 am. Some 7% wake up before 5:30 am. Of industrial workers, roughly 
12% wake up before 5:30 am.341 
 
The need for sleep varies between individuals, similarly to sensitivity to sleep 
disorders. A 22-year Finnish study on the health of twins published ten years ago 
discovered that both shorter sleep and longer sleep from normal increase the risk of 
premature death.342 Shorter sleep than normal, leading to sleep debt, and longer 
sleep than normal have been found to increase the content of inflammatory markers 
in the blood. An increase in the content of these markers is regarded as a stress 
indicator.425, 427, 428, 212, 338 
 
As such, sleep disorders and difficulties in sleeping are common. It is estimated that 
10% of the population suffer from continuous insomnia to some degree and 30% 
suffer from occasional insomnia.343, 344 The classification of diseases recognises 
more than 50 different names for sleep disorders and difficulties sleeping.345 
Insomnia can also be a symptom of another disease. Tiredness during the day caused 
by low-quality sleep (for any reason) has many negative consequences. In France, 
for example, it is estimated that some 20% of serious traffic accidents are caused by 
tired drivers.346 
 
 
4.9.1 RESEARCH METHODS FOR SLEEPING DISORDERS 
 
The effect of noise on sleep has mainly been studied using three methods: 
•  By asking people exposed to noise to assess their sleeping disorders caused by a 

specific type of noise. This refers to self-assessed or self-reported sleeping 
disorders, such as the number of self-reported awakenings.  
In surveys, the number of test subjects is usually high, often around 1,000 people. 

•  By measuring changes caused by noise events (e.g. overflights) in laboratory 
conditions from the electrical activity of the brain (EEG), the activity of the heart 
(ECG), eye movements (EOG) or muscle tension (EMG), or by using motion 
sensors (movements of the body or hands and feet when sleeping). 
Polysomnography347 (PSG) or an extensive sleep study is a measurement in 
which several variables are monitored at the same time. In addition to the factors 
listed above, monitoring covers respiration, oxygen saturation in the blood and 
changes in heart rates (through ECG). 
Usually, test subjects are exposed to recorded noise played through speakers, 
such as overflights, alternating with quiet pauses. A study can also include 
performance or alertness tests immediately after waking up or later during the 
day. 
Laboratory studies usually have a fairly small number of test subjects, ranging 
from a few people to a few dozen people. 

•  By measuring sleep and any changes in it at home using the same methods as 
used in a laboratory. Usually, the number of variables measured at home is 
smaller than in laboratory studies, due to costs. For example, these may include 



Kari Pesonen Consulting Engineers Ltd  Page: 55 
Helsinki 

physical movements and changes in heart rates. A motion sensor can be used in 
the bed to monitor movements (mainly of the body) when sleeping. A sensor can 
also be attached to a limb, such as the wrist. In this case, the results show any 
movements during sleep and also when the test subject is awake (including time 
spent away from the bed, such as when going to the bathroom). The noise 
exposure can be normal noise travelling to the bedroom from the apartment or 
the neighbourhood or recorded noise played through speakers. Smartwatch and 
smartphone apps are available for measuring sleep independently at home. 
Studies conducted at home usually have a fairly small number of test subjects, no 
more than a few dozen. 

 
At home, people are less sensitive to sleep disorders caused by noise than when 
sleeping in a laboratory.417, 348 Surveys usually offer a better overview of the 
generality of sleep disorders and the experienced quality of sleep than objective 
measurements. However, the difference depends on the sensitivity of the indicator, 
e.g. the range of changes in EEG, that is used as the objective measure of a sleep 
disorder and on the questions used in surveys.349, 350 
 
In addition, it has been studied how noise affects blood pressure and heart rate, as 
well as the content of different hormones in blood and urine and the immune 
response when sleeping. For example, noise that does not cause obvious changes in 
the brain wave frequency can cause a (minor) short-term change in blood pressure. It 
has been proposed that often repeated and/or long-term minor increases in blood 
pressure (a few mmHg) can, over several years, lead to diseases in the circulatory 
system or reduce responses to already existing hypertension.351, 507 According to the 
Finnish FINRISKI risk calculator, an increase or decrease in blood pressure of a few 
mmHg does not significantly change the risk of a myocardial or cerebral infarction 
or coronary artery disease.500 According to a Swedish study, a reduction in systolic 
blood pressure of 20 mmHg and in diastolic blood pressure of 10 mmHg (e.g. using 
medication) reduces the risk of death caused by myocardial or cerebral infarction or 
another cardiovascular disease by 30–64%, depending on the age.509, 510 Recently, 
the aim has been to identify statistical links between premature deaths, e.g. caused 
by myocardial infarction, and environmental noise. 
 
In a German sleep disorder study (N = 81) conducted in laboratory conditions under 
the NORAH study,612 it was discovered that negative attitudes towards air traffic had 
an impact on the quality of sleep. People with negative attitudes towards air traffic 
had a slightly longer delay between falling asleep and falling asleep after awakening 
and a shorter duration of sleep than people without any negative attitudes. The 
attitudes towards air traffic were identified using a survey and the quality of sleep 
was measured by means of PSG.352 
 
 
4.9.1.1 CLASSIFICATION AND MEASUREMENT OF THE QUALITY OF SLEEP 

USING EEG 
 
When studying the quality of sleep using EEG, sensors like thin buttons are 
attached to the test subject’s head to register the electrical activity of the brain. 
These can be covered by a cap to prevent them from falling off. Figure 16 presents 
the smallest number of sensors and their placement in a typical sleep study.353 
 
Any variation in the low electrical voltage detected by the sensors is currently saved 
in the memory (on a hard disk) of the measuring device or a computer, from where 
it can be displayed on a computer screen for analysis. Previously, the measurement 
results were printed on paper. A single sheet of paper covers an epoch of 30 
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seconds. The 30-second epochs commonly used in modern sleep analyses are based 
on the length of a single sheet of paper, not because 30 seconds would be an 
optimal measure for analysing variation in the quality of sleep. The results depend, 
at least to some extent, on the duration of an epoch.354 
 
 

 
Figure 16: Typical sensors and their locations used in a sleep study. There can be more 

EEG sensors, and it is also possible to monitor the heart rate, blood pressure 
and respiration.353 

 
In sleep studies, the sleep period (sometimes the time after going to bed) is divided 
into epochs of 15–45 seconds. Usually, researchers use epochs of 30 seconds, as 
stated above. Researchers define the sleep stage(s) during each epoch and study 
whether there have been any changes that indicate any changes in the depth of sleep. 
When studying the effects of noise on sleep, the scoring of sleep stages during the 
epochs is often based on the Rechtschaffen–Kales criteria published in 1968. These 
are often called R&K criteria.353 Other commonly used scoring criteria are known as 
ASDA criteria.366  
 
The reliability (and validity) of the scoring of sleep stages has been examined in a 
number of studies.354 Differences between experienced scoring specialists are 
usually fairly small. However, there are significant uncertainties in some cases, such 
as the identification of sleep stage S1. In 2007, a US working group proposed certain 
changes and specifications to scoring criteria.355 Computer programs have been 
developed for scoring but, so far, the reliability of machine recognition is lower than 
that of scoring made by people. 
 
In the identification of sleep stages, the alertness of the brain during the night is 
roughly divided into three categories: 1) wakefulness (W), 2) non-REM sleep,356 i.e. 
NREM, and 3) REM sleep. During paradoxical sleep (PS or REM), an EEG analysis 
shows that the cerebral cortex is active, as it is during wakefulness (desynchronised 
EEG).  
 
NREM has been divided into four depth stages (S1–S4). S1 is a state between sleep 
and wakefulness. S3 and S4 are regarded as deep and refreshing states. They are 
referred to as Slow Wave Sleep (SWS) on the basis of frequencies characteristic to 
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brain waves. During NREM sleep, high-amplitude and low-frequency synchronised 
EEG waves can be detected in the cerebral cortex and are an indication of the 
simultaneous activity of brain cells. During high-quality sleep, alertness states (S1–
S4, REM) alternate regularly throughout the night. The duration of a single cycle is 
60–90 minutes.357 On the basis of scoring, other sleep indicators have also been 
developed, such as the sleep onset time (SOL), total sleep time (TST), sleep 
efficiency, and the total time of wakefulness and motility during a night. 
 
Figure 17 presents typical EEG results during different stages of sleep. A typical 
alpha wave during wakefulness (W) is presented at the top. A typical slow and high-
amplitude delta wave during deep sleep (S4) is shown on the second to last row. A 
sample of variation in electrical activity during REM sleep is shown at the bottom. 
 
 

 
 

Figure 17: Typical EEG results during different stages of sleep. The curves represent 
temporal variations in electrical voltage measured (using a meter).  

 
In addition to the typical waveforms shown in Figure 17, wakefulness and deep 
sleep are identified using the waveforms of bursts, or spindles, and complexes 
shown in the curves. For example, spindles show a high peak during wakefulness 
and relaxed wakefulness which is missing from the sleep state (inhibited).358 
Information obtained from sensors that measure muscle tension, eye movements, 
heart rate and blood pressure is also used in the identification process. 
 
Figure 18 presents two samples of signals measured during a sleep disorder study 
related to aircraft noise. In the figure at the top, aircraft noise causes a sleep disorder 
(EEG awakening), while no changes can be identified in the figure at the bottom. 
 
Figure 18 presents how the depth of different sleep stages typically varies during the 
night. The depth may vary significantly for different people and between a single 
person’s different sleep cycles. The figure at the top presents the average variation in 
high-quality sleep under noiseless conditions. The figure in the middle presents how 
events involving intense noise during the night cause fragmentation in the structure 
of the sleep, i.e. the sleep architecture. The figure at the bottom presents the 
registration of normal variation during sleep during a noiseless night. It also 
involves brief EEG awakenings and brief changes in the depth of sleep (but no EEG 
arousals.359 
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Figure 18:An example of a sleep disorder study related to aircraft noise. In the top 
figure, noise [test subject exposed to LASmax = 65 dB] causes an EEG 
awakening. In the bottom figure, noise [LASmax = 75 dB] does not cause any 
changes in the sleep state. LOC = left eye movement, ROC = right eye 
movement, C4 and O2 = EEG, EMG = muscle tension, FPA = finger pulse 
amplitude, ECG = heart, RSP1 and RSP2 = respiration, POS = 
position/movement in bed, Noise signal = temporal variation in the noise level 
during an overflight; microphone close to the test subject. LIGHT = an epoch 
of 45 seconds related to the noise event, of which the researcher is alerted by 
using a signal light.360 

 
The over-activation of the sympathetic nervous system related to the fragmentation 
of sleep has been found to increase the systolic blood pressure among adults.361 
 
During normal sleep, wakefulness accounts for 5–7%, S1 5–10%, S2 roughly 50%, 
S2 some 10%, S4 approximately 10% and REM sleep 20–25% of the total sleep 
time.362 
 
A change in the awakening or the depth of sleep can be spontaneous, i.e. taking 
place without any external cause, or caused by an external factor, such as noise. 
 
The probability of an awakening or a change in the depth of sleep caused by a 
specific noise event depends on the sleep stage. The lighter the sleep stage is, the 
easier (more probable) it is that the noise event will shift the sleep stage towards an 
awakening or cause the person to wake up.359 Sleep is the deepest during S3 and S4. 
Figure 19 (figures at the top and bottom) shows that the amount of light sleep 
increases towards the morning, which is why the probability or risk of a reduction in 
the depth of sleep or waking up is higher early in the morning than late at night.363, 

364 Then again, any awakening taking place close to the normal waking hour does 
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not reduce the quality of the full night’s sleep, even if falling asleep after awakening 
is delayed or prevented. Waking up due to noise and, in particular, repeated 
awakenings early in the morning,417 have a significant impact on the self-assessed 
quality of sleep, at least when the cause is known.  
 
Three types of awakenings are currently used in sleep disorder studies:   1) EEG 
awakenings, 2) EEG arousals, and 3) behavioural awakenings. EEG awakening 
usually means an abrupt change of at least 15 seconds in the EEG readings, whereas 
EEG arousal usually means an abrupt change of at least three seconds (increased 
frequency) in the EEG, as a result of which the curve resembles a wakefulness curve 
(alpha rhythm, 8–13 Hz365).*, 354, 366, 367, 368, 369 An EEG awakening (usually) also 
requires a significant increase in muscle tension. Behavioural awakening means that 
a person wakes up in a conscious state of wakefulness for a specific time. In an 
analysis of the cyclic alternating pattern (CAP), three types of EEG awakenings 
during NREM sleep are identified.370  
 
The alertness of the nervous system may vary so as to reduce the quality of sleep, 
also without any arousals measurable from the cerebral cortex. For example, sleep 
apnoea involves low oxygen content in blood which causes an awakening that 
boosts respiration. External factors, such as noise, can cause awakenings that 
temporarily increase the heart rate and/or blood pressure or muscle tension and 
movements of the body or limbs. No internationally agreed criteria exist for scoring 
these, similar to the criteria for measuring the quality of sleep in EEG analyses. 
 
Different criteria for EEG awakenings and EEG arousals have been used in sleep 
studies. The shorter EEG arousals are regarded as awakenings that reduce the quality 
of sleep, the more spontaneous and noise-induced awakenings there are. Typically, 
the number of EEG arousals of at least three seconds per hour is four times higher 
than the number of EEG awakenings lasting least 15 seconds per hour.371 An 
example of different awakening criteria includes the study by Zaltarulo et al.: When 
studying spontaneous awakenings that reduce the sleep of the elderly in noiseless 
conditions, they only included behavioural awakenings and EEG awakenings of at 
least two minutes in their study.372 
 
The number of behavioural awakenings is measured, for example, by asking the test 
subject to press a button every time they wake up. Some studies have even defined 
that noise-induced awakenings include situations where a person wakes up five 
minutes after the noise event.373 In older studies, the number of behavioural 
awakenings has also been measured by asking the test subject to indicate the number 
of awakenings after they got out of bed.374 This question-based method is regarded 
as unreliable.  
 
Typically, a healthy person has 1–3 spontaneous behavioural awakenings per 
night.375, 376, 377, 417 The number of brief (of at least 3 seconds) EEG arousals (among 
adults) is high (60–150 per night), even under noiseless conditions at home.378, 379, 

380, 381 Of these, 60% last 10– 15 seconds and most take less than 45 seconds. Due to 
their brief duration, people cannot remember them the next day. The number of EEG 
awakenings (with a duration of at least 15 seconds) is typically 15–50 per night 
under noiseless conditions.378, 380 Usually, the number of EEG arousals and 

                                                      
*  The American Sleep Disorders Association (ASDA) defines EEG arousals as follows: 

“An EEG arousal is an abrupt shift in EEG frequency, which may include alpha and/or 
theta waves and/or delta waves and/or frequencies greater than 16 Hz lasting at least 3 s. 
and starting after at least 10 continuous seconds of sleep.” During REM sleep, an increase 
in the EMG signal is also required. 
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awakenings is indicated per one hour of sleep or per one epoch. The number of all 
types of awakenings increases with age. 
 
 

 
 

Figure 19: Graphs of variation in the sleep stages of a healthy adult when sleeping in a 
quiet environment (figures at the top and bottom) and in an environment 
involving several (dozens) events of intense noise during the night (figure in 
the middle). The figure at the bottom represents variation (registration) in sleep 
stages in a noiseless environment, involving brief (ranging from one epoch to a 
few epochs) changes in the depth of sleep. 

 
 
Often, noise-induced EEG arousals also involve an increase in the activity of the 
autonomic nervous system. This can be seen as an increase in the heart rate and 
blood pressure.382 These are only assumed to be part of the transmission pathway 
and mechanism that leads to noise-induced cardiovascular diseases.212, 247  Noise can 
also be a factor that, via this mechanism, speeds up or intensifies the development of 
cardiovascular diseases. 
 
Figure 20 presents an example in which the prevalence of EEG arousals (the number 
of arousals per 30-second epoch) measured in a German study of sleep disorders 
caused by aircraft noise382, 383 (Basner et al.) was compared to the normal number of 
spontaneous EEG arousals in noiseless conditions (B&A). In this study, test subjects 
slept a) in noiseless conditions, b) in conditions where 64 recorded overflights at the 
LASmax level of 45 dB were played through speakers during the night, and c) in 
conditions where 64 recorded overflights at the LASmax level of 65 dB were played 
through speakers during the night. The B&A curves represent the average number of 
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spontaneous EEG arousals among healthy people whose sleep is normal, and the 
variation in it (min.–max.) according to age group.378 These B&A curves have been 
prepared to represent normal values in sleep disorder studies. Both studies were 
conducted in laboratory conditions. In the German study, the EEG arousals of the 
test subjects were not scored on the basis of age. Instead, test subjects of all ages 
were assumed to react according to the average of ten people. The figure shows that 
the increase in EEG arousals caused by aircraft noise, following the study by Basner 
et al., is within the normal age-based variation.  
 
The number of brief EEG arousals is currently considered to be an indicator of the 
severity of many diseases that cause sleep disorders, such as sleep apnoea and 
chronic obstructive pulmonary disease. The science of sleep disturbance has often 
lacked generally accepted values of EEG arousals that are regarded as normal 
values. The purpose of the B&A study378 was to produce these values. There are not 
any studies that have identified how the severity of the number of EEG arousals 
caused by aircraft noise corresponds with the types or degrees of severity of, for 
example, sleep apnoea or insomnia. 
 

 
Figure 20: The number of EEG arousals per epoch (30 seconds) during the night in 

noiseless conditions (red B&A curves and the lowest green curve) compared to 
the arousal risk caused by two different types of aircraft noise exposure during 
the night (green dashed lines). The B&A curves represent values proposed as 
normal values for different age groups: the average value and normal variation 
(minimum–maximum). The horizontal Basner et al. curves have been 
measured in three different exposure situations: a) no noise, b) 64 overflights 
of LASmax 45 dB per night, and c) 64 overflights of LASmax 65 dB per night. 
These Basner et al. curves are averages of EEG arousals of the test subjects (10 
people, regardless of age).378, 380, 383 This figure was prepared for this report 
when examining the representation of the Basner et al. curves (according to 
this comparison, the curves are not representative of all age groups). 

 
During an EEG awakening scored on the basis of EEG, a person may become so 
conscious that they hear the noise event and probably identify its cause. In order for 
a person to remember any night-time awakening in the morning, the state of 
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wakefulness must last at least 1–2 seconds. A mismatch negativity study hints that 
the brain analyses differences between or changes in sounds in the sleep state, while 
the sensitivity is lower compared to wakefulness.384 Waking up due to strange low 
sounds is easier than waking up due to familiar intense sounds and this also hints at 
some form of analysis during the sleep state and a natural need for identification. 
 
The interpretation of EEG and motility studies is made more difficult because there 
are no unambiguous scientific grounds for determining how large and/or frequently 
repeated changes in EEG readings, or how frequently repeated and how long 
movements and awakenings should be to be considered harmful to health.385 Many 
sleep studies have concluded that a night-time EEG awakening shorter than 30 
seconds does not impair the resfreshing effects of sleep, except in cases where there 
are very many similar cases during one night.377, 386, 387, 388, 389  
 
According to current knowledge, the main effects of traffic noise travelling indoors 
from outdoors (when there are statistically significant effects) can be seen in EEG 
measurements in the form of a fragmented structure of sleep, involving a decrease in 
REM sleep, an increase in S2 and a higher number of EEG and behavioural 
awakenings. The number of EEG awakenings increases more steeply as a function 
of the intensity of a noise event than that of behavioural awakenings. 
 

4.9.1.1.1 How long does a person wake up for due to a noise event? 
 
In situations where noise causes an EEG arousal, EEG awakening or behavioural 
awakening, there is reason to ask how much the duration of the awakening reduces 
the quality of sleep. Brief awakenings are considered to reduce the quality of sleep 
less than longer awakenings. A German field study390 identified how the intensity of 
noise affects the duration of wakefulness. It was found that, if the LASmax level of 
aircraft noise to which a sleeping person is exposed is 45–65 dB, the duration of the 
EEG awakening does not significantly differ from the duration of spontaneous 
awakenings in noiseless conditions. The duration of roughly 50% of all awakenings 
was 30 seconds at most. If the level is 70–80 dB, the corresponding duration 
doubled to 60 seconds. Roughly 90% of people who had a spontaneous awakening 
or an EEG awakening due to noise of at most 65 dB fell asleep after awakening in 
3–3.5 minutes. 
 
When assessing the effect of noise on the full-night quality of sleep, a reduction in 
the total sleep time is one possible indicator. In many sleep studies, this decrease has 
only been a few minutes. Currently, there are no scientific criteria to assess the 
significance of a decrease of a few minutes in the total sleep time on a person’s 
health.443  
 
A survey covering the surroundings of three airports in France* (N = 1,244) reached 
the conclusion that night-time aircraft noise had a significant impact on reducing the 
total sleep time and on tiredness felt after waking up (due to insufficient sleep). An 
increase of 10 dB in the night-time noise level increased the risk of a reduction in 
the total sleep time (TST less than six hours) with a 1.63 times higher risk (OR = 
1.63, 95%CI 1.15–2.32) and a risk of feeling tired after waking up 1.23 times higher 
(OR = 1.23, 95%CI 1.00–1.54).391, 392 This study was expanded into a four-year 
longitudinal study and an objective measurement of the quality of sleep. The results 
of the objective measurement have not been published.393 

                                                      
* Paris–Charles de Gaulle, Lyon–Saint-Exupery, Toulouse–Blagnac. 
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4.9.1.2 MEASURING THE QUALITY OF SLEEP BY MEANS OF SURVEYS 
 
Surveys have been used to examine the number of noise-induced awakenings and 
the effects of noise on the quality of sleep. The assessed intensity or generality of 
sleep disorders can be used as an indicator of quality. Self-assessments of the quality 
of sleep are referred to as the subjective quality of sleep. Factors that have the most 
impact on the subjective quality of sleep are: the experienced degree of wellbeing 
after waking up, an assessment of the quality of sleep and the time required for 
falling asleep. Noise other than night-time noise can affect assessments of the 
quality of night-time sleep. People usually respond to surveys during the day. For 
example, noise events taking place in the morning after waking up can have an 
impact on assessments of the role of noise considering the quality of sleep. 
 
The subjective quality of sleep measured by using surveys also depends on how the 
noise being studied is mentioned in the survey. If it is stated that the survey concerns 
a particular type of noise, the responses are usually more sensitive than in a situation 
where that type of noise is not mentioned.350 
 
Usually, the subjective quality of sleep does not correlate well with the quality of 
sleep assessed on the basis of objective measurements or variations in the quality of 
sleep caused by noise.273, 350 The magnitude of the difference between subjective and 
objective quality depends largely on how minor and brief the changes are for them 
to be regarded as signs of a reduction in the objective quality of the sleep. The 
smaller and shorter the changes are regarded as sleep disorders, the more poorly the 
objective quality of sleep assessed by a sleep researcher correlates with the self-
assessed subjective quality of sleep. 
 
The effects of on the quality of life of diseases causing insomnia, as well as a lower 
quality of sleep and different sleep disorders have often been measured by means of 
surveys.394, 395, 396 Effects of diseases and sleep disorders on health and the quality of 
life are measured using surveys or scales, such as the SF-36, WHO-QoL, WHO-
QoL-brev, ISAAC, KINDL, SSS, ISI and EES, among others.397, 398, 399, 400, 401, 402, 403, 

404, 405, 406 However, the scientific community has not presented any survey indicator 
developed exclusively for measuring noise-induced sleep disorders and their effects 
on health (i.e. a series of questions with tested validity and reliability) that would 
have spread to more extensive use. 
 
If intense noise events are heard between spontaneously waking up and falling 
asleep after the awakening, such as an overflight, people seem to easily consider the 
noise event to be the cause of their awakening.417 This is one reason to consider 
objective sleep studies to be more reliable than subjective assessments, when the 
purpose is to measure the real effect of noise on sleep. Surveys offer a view of the 
quality of the living environment experienced by residents, which objective 
measurements of the quality of sleep do not directly indicate. 
 
 
4.9.2 THE MECHANISM OF NOISE-INDUCED SLEEP DISORDERS 

AND (HEALTH) EFFECTS 
 
Figure 21 presents one of many models used to explain the effects of noise on sleep. 
The purpose of these models is to make it easier to present and understand different 
factors and their joint effects. In the model in Figure 21, the effects have been 
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divided into two categories: objective and subjective effects. There are joint effects 
and dependencies between these two categories, presented by arrows. 
 
Moderators are external and internal variables or conditions that mostly have a 
significant effect, increasing the random distribution of dependencies between noise 
and responses. These include social status, age, gender, health, the use of medicine, 
sensitivity to noise, and even the bedroom temperature, when talking about the 
effects of noise on sleep. 
 
Direct, or acute, effects (responses) have a direct temporal and causal relationship 
with noise. For example, waking up due to noise must take place during a noise 
event or after a short pre-defined time. Other physiological night-time effects of 
noise discovered (after a sufficiently intense exposure to noise, usually LAFmax of 
more than 50 dB) include an increase in blood pressure, heart rate, vasoconstriction 
and stress hormone (e.g. cortisol) transmission.407, 408, 409, 410, 411, 412,413, 414, 415, 416, 427, 

212 Acute responses are also referred to as direct biological responses.417  
 
Total night effects mean all the effects for one night (the time when a person sleeps 
or intends to sleep). Next day effects, such as sleepiness, irritation and lower 
alertness, are consequences of the total effects. 
 
The subjective quality of sleep means the self-assessed quality of sleep during the 
previous night(s). A reduction in quality often materialises in an increase in the 
annoyance response, which in turn may reinforce beliefs of a reduction in the quality 
of sleep. This means that annoyance and disturbance responses are interlinked when 
it comes to sleep effects. 
 
 

 
 

Figure 21: One of many models used to explain noise-induced sleep effects and 
responses. The figure presents possible effects, meaning effects and responses 
that have been identified, that may exist and that have been studied or are 
assumed to have joint effects. It should be stated that most types of noise do not 
cause any measurable effects.418 

 
Noise can affect sleep and its quality in two ways: directly and indirectly. Direct 
effects include sleep disorders that depend on the properties of the noise, such as its 
intensity and information content. Effects are indirect when a sleep disorder, such as 
difficulty in falling asleep, is caused by “emotional turmoil” caused by noise, such 
as strong negative attitudes towards a noise or its cause, or noise-induced 
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depression, powerlessness, stress or other psychological reaction. It is often assumed 
that noise-induced sleep disorders increase the annoyance caused by noise. 
However, the reaction can be just the opposite, as presented in Figure 21: 
experienced annoyance causes sleep disorders. For example, acute intense 
annoyance may make it more difficult to fall asleep after awakening. It is also 
possible that there is a third factor, such as a person’s sensitivity to a noise or a 
disease, that explains most of the intensity of both direct and indirect effects (even if 
the person considers their sleep disorders to be caused by noise).419, 420, 421, 492 
 
Not many studies have been conducted on the effects of exposure to noise during 
wakefulness on the quality of sleep. One study hints that the intensity of the 
exposure to noise during the day may have an impact on the quality of sleep during 
the night.422 
 
At least in principle, chronic and permanent health effects of sleep disorders depend 
on the joint effect of many factors as shown in Figure 21. Chronic and permanent 
effects should be main criteria when assessing the permanent effects of noise on 
sleep in residential and living environments, i.e. when assessing the effects of night-
time noise on national health. Unfortunately, there is no research-based information 
in the scientific community, upon which basis the link between chronic effects and 
night-time noise could be sufficiently reliably assessed (e.g. effects of night-time 
noise on the prevalence or incidence of cardiovascular diseases.423, 409, 418, 162, 424  
 
According to a recent meta-analysis, covering 72 different studies, sleep disorders 
(reductions in the duration of refreshing sleep) and too much sleep (more than eight 
hours for adults) increase the content of inflammatory markers (C-reactive protein 
(CRP), interleukin 6 (IL-6)) in the blood.425 Both of these are regarded as indicators 
of cardiovascular diseases, hypertension and type 2 diabetes. Another recent study 
reached the conclusion that, in addition to the duration of night-time sleep, the 
number of daily naps has an impact on the CRP content, at least among young 
adults.426 
 
Opposite results have also been produced. Examples include a brief (one quiet night 
for habituation and two nights of exposure to noise) experimental sleep disorder 
study (N= 88, accepted sample size = 75) conducted in Germany, in which it was 
concluded that night-time exposure to aircraft noise (in a laboratory, noise played 
through speakers) does not have any impact on the CRP or IL-6 content after waking 
up.427, 428, * It should be understood that to identify the effects of noise on 
inflammatory markers, long-term exposure to noise is required, provided that an 
increase in content is associated with the incidence of noise-induced diseases, such 
as cardiovascular diseases or diabetes. 
 
 
4.9.3 SLEEP DISORDER RESPONSES, DEPENDENCE OF SLEEP 

DISORDERS ON THE INTENSITY OF NOISE 
 
It is commonly believed that the probability of a sleep disorder caused by individual 
noise events distinguished clearly from other noise† depends mostly on the sound 
                                                      
* The study also concluded that night-time aircraft noise (fairly intense and often repeated) 

was poorly visible as vasoconstriction and stimulated the transmission of adrenaline to 
blood. 

†  In addition to awakening due to noise, noise-induced sleep disorders include a reduction 
in the depth of sleep caused by a noise event and difficulties in falling asleep or in falling 
asleep after awakening as a result of noise. 
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exposure level (LAE) or maximum level (LASmax, LAFmax) of the noise event. During a 
noise event, a sleeping person’s brain processes the awakening potential of the 
stimulus. It has been proposed that the time constant for processing an awakening 
response is* 10–100 seconds.429, 430 This is much higher than the constant of 1 
second for slow time weighting and that of 0.125 seconds of fast time weighting 
which is standardised for sound level meters. Then again, when processing leads to 
awakening, the brain processes properties other than the sound energy received 
during this period of 10–100 seconds. For example, the probability of awakening 
due to familiar sounds is lower than that caused by foreign sounds or sounds 
previously experienced as dangerous. 
 
The probability of a sleep disorder also depends on how clearly (much) the level of 
the noise can be distinguished from background noise.431, 432, , 433 The threshold value 
of responses to most familiar noise events measured at home, i.e. the lowest noise 
level, starting from which a valid dependence between noise and a response can be 
indicated, is roughly 40 dB when measured at the LAE level and approximately 45 dB 
when measured at the LAFmax level. According to the current understanding, the 
threshold value of the sound exposure level for awakening due to a single noise 
event† is roughly 55 dB.417  Studies that support both lower and higher threshold 
values can be found from literature.434 It may be more difficult to fall asleep or fall 
asleep after awakening at lower noise levels. Examples of sounds that make falling 
asleep more difficult include the sound of an insect in the same room or the sound of 
a dripping tap. 
 
Sleep disorder responses, such as sensitivity to awakening due to noise, vary greatly 
for different people. Furthermore, the responses of a single person are not constant, 
and they may vary greatly during different nights and in relation to different types of 
noise. Response curves shown as results of studies should be understood as 
responses of an average person or as responses typical to people.  
 
As stated above, there is a high degree of variation in the results produced using 
different measurement methods and in different studies. Figure 22 presents a 
summary of the results of 21 different studies.440 The awakening response at home, 
shown in Figure 22C, was also confirmed in a study conducted for the US Air Force 
(N = 1,887 nights by test subjects). In this study, the response best correlated with 
the LAE, 5 min level before awakening. The test subjects woke up an average of two 
times per night.435 Roughly similar awakening responses at home were also 
measured in a study conducted for NASA.435 The reasons for significant differences 
in sleep disorder responses measured in laboratory conditions and at home have not 
been explained. Habituation (over time) to noise is one reason.436, 437, 438 Another 
reason may be that the test environments have different sound conditions. In 
laboratory conditions, the source of sound is usually a speaker (and recorded noise), 
whereas regular aircraft or other traffic noise is the source of the noise at home. 
 
                                                      
* The concept of “awakening potential” has no standard Finnish equivalent. Its direct 

translation would be “heräämispotentiaali.” When talking about the accumulation of brain 
functions that activate awakening during the time constant with an effect on the depth of 
sleep, this report uses the term “potentiaalinen herättävyyskertymä.” (Footnote not 
necessary in the English text.) It is a sum variable similar to an integral. The shorter a 
noise event is, the lower the total intensity of the awakening need processed during a time 
constant of 10–100 seconds. 

† It should be remembered that a threshold value may not be the noise level, above which 
noise should be regarded as harmful to health. When assessing harmful health effects, the 
number or generality of noise events that cause sleep disorders must also be addressed. 
The threshold value is lower in laboratory conditions than at home. 
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Figure 22: The effects of individual noise events on sleep in laboratory conditions (A, B) 
and at home (C, D). Figures A and C present the dependence of the probability 
(% of people exposed to a noise event) of awakening due to noise (behavioural 
and EEG awakening) on the sound exposure level (indoor noise) of night-time 
noise to which a sleeping person is exposed. Figures B and D present the 
dependence of the probability (% of people exposed to a noise event) of a 
reduction in the depth of sleep on the sound exposure level of night-time 
noise.440 

 
As stated above, test subjects are much more sensitive to waking up due to noise in 
laboratory conditions than at home (Figure 22, see A and C). The aim is to even out 
differences in the sensitivity to awakening by habituating test subjects to sleep in 
laboratory conditions before testing.439 In most studies, habituation has been found 
to significantly reduce (at least) the number of awakening to wakefulness. 
Habituation does not have that significant an impact on changes in the depth of sleep 
caused by noise events. At least during the first nights, test subjects wake up due to 
noise levels that are 10 dB lower than at home. Even on the basis of cautious 
assessments, the probability of an awakening due to an identical noise is 10% of the 
typical results of laboratory tests referred to in the literature. 377, 440, 368 
 
According to the results of one study, people who have lived for long in areas with 
intense aircraft noise, i.e. those habituated to the noise conditions, are more sensitive 
to waking up due to aircraft noise in laboratory conditions* than those who have 

                                                      
*  People who had been habituated to aircraft noise conditions woke up due to aircraft noise 

roughly 8 dB lower than the noise which caused those not habituated to aircraft noise to 
wake up. In laboratory conditions, a recorded aircraft noise (bedroom noise) was played 
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lived in areas without any significant aircraft noise. The researchers were not able to 
explain this.438  
 
Figure 23 presents the results of nine (meta-) analyses and publications. The y-axis 
on the left represents the dependence of the probability of an awakening due to one 
noise event on the sound exposure level of the noise event, and the y-axis on the 
right indicates the probability of a noise event not causing any awakening. In most 
of these studies, aircraft noise was the source of the noise.441 The DLR/Basner 
response,442 where the intensity of the aircraft noise to which a sleeping test subject 
was exposed was calculated as the LASmax level in the original study, has been 
converted to correspond to the other curves in the figure with the assumption that 
LAE - LASmax =  8 dB.  In addition to these response curves, the responses proposed 
by the EU working group for Health and Socio-Economic Aspects (WG HSEA)423 
that are based on a TNO research report should be mentioned.454  
 
Figure 23 shows that noise travelling indoors from outdoors causes a very small 
number of behavioural awakenings. For example, the risk or probability of waking 
up due to one noise event of LAE = 80 dB is 0.7% (the lowest TNO response). This 
means that a person (habituated to noise, i.e. who has lived for a long time in the 
noise area) wakes up due to one out of 143 flights. The DLR study has been 
criticised, for example, because the research framework and the analysis of results 
are not relevant considering the assessment of the effects on national health. For 
example, the difference in the duration of sleep during nights with noise and 
without noise (control group) was only two minutes, and the study has not 
sufficiently covered the effects of diseases of people exposed to noise (differences 
caused by diseases) on sleep disorders or identified the effects of night-time aircraft 
noise on morbidity of the test subjects.443, 444 Night-time noise may increase the 
prevalence of a short duration of sleep (at most six hours of sleep per night).391  
 
Regardless of its name, the FICAN-1997 response is not in line with the official 
noise policy of the US Government, even though it has been published by the 
Federal Interagency Committee on Aviation Noise (FICAN). It presents the worst-
case scenario to protect people from all types of sleep disorders.445 
 
An expert report published in the WHO publication series451 recommends that 
LAFmax, 45 dB be set as the maximum level for noise travelling indoors from 
outdoors in order to prevent sleep disorders. A WHO representative has stated that 
the guideline values presented in the report are 0% risk values. This means that if a 
measured value is below these limits, there should not be any harmful health 
effects. However, if a measured value exceeds these limits, there is a risk that these 
effects could materialise.446 The report, for example, refers to a French study, 
according to which it is believed that high-quality sleep requires that there are no 
more than 10–15 noise events at a maximum level of 45 dB(AF) per night.447 In 
comparison, a threshold level of 6 × 60 dB has been used for a long time as a 
standard in Germany. According to this, aircraft noise does not cause any harmful 
health effects unless the maximum level to which a sleeping person is exposed 
exceeds 60 dB and unless there are fewer than six noise events of 60 dB per 
night.448, 115 In recent scientific publications, this combination has been proposed as 
the highest tolerable noise guideline value.449, 483 
 
The WHO Regional Office for Europe will publish a new guide for assessing the 
health effects on environmental noise in 2018.450 A meta-analysis report on sleep 

                                                      
through speakers. This noise is different, at least to some extent, from the noise which 
each test subject living in an aircraft noise area is exposed to at home. 
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disturbance was published as background material for the guide in March 2018.350 
Figure 23 presents the “Basner & McGuire” sleep disorder response to aircraft 
noise based on this report. The role of typical spontaneous awakenings has been 
eliminated from this response. No similar elimination has been carried out for other 
responses shown in Figure 23. 

 

 
Figure 23: The probability of an awakening due to a (one) noise event as a function of 

the sound exposure level of indoor noise at home. The lowest curve (TNO 
response) indicates behavioural awakenings during the night, the middle 
response group indicates the total number of EEG and behavioural awakenings 
during the night, and the three topmost curves represent the worst-case 
scenario, i.e. an awakening (behavioural or EEG awakening; for DLR and 
Basner & McGuire, also including a shift to S1) one or two hours before the 
normal hour of waking up in the morning.. 

 
Many researchers, including WHO’s group of experts451, consider that, in addition 
to behavioural awakenings, changes in the depth of sleep caused by noise should be 
addressed when assessing the negative effects of noise on sleep. Figure 24 presents 
the sleep disorder responses to one noise event, such as an overflight or a vehicle, 
proposed by a Dutch expert committee on national health in 2004. The figure 
presents the probability of a response as a function of an exposure to a noise event 
at the LAE level. The curves are: a) a change in the depth of sleep towards lighter 
sleep, b) movements of limbs due to noise during at least one 30-second epoch 
within five minutes after a noise event, c) movements of limbs during at least one 
30-second epoch within five minutes after a noise event, followed by a period 
without any movements, d) an EEG awakening, and e) a behavioural awakening.454 
In curve C, the sequence of movement followed by non-movement is considered to 
confirm that the movement is not spontaneous, but is a movement response caused 
by a noise (turning in bed). 
 
In sleep disorder studies conducted at home, the intensity of indoor noise to which 
the sleeping test subject is exposed has often been assessed by assuming a specific 
constant value for the sound insulation capacity of the building shell, which has 
then been deducted from the measured outdoor noise level. When comparing these 
types of studies conducted in different countries, it should be noted that, due to 
climate conditions, different countries have different sound insulation requirements 
for buildings. Sound insulation in the building shell and how the windows are kept 



Kari Pesonen Consulting Engineers Ltd  Page: 70 
Helsinki 

open have an impact on the intensity of the noise entering the building from 
outdoors. The higher the insulation capacity is, the lower the indoor noise level 
produced by outdoor noise is (when the windows are closed).452 It should also be 
noted that buildings located in a noisy area may have a higher sound insulation 
capacity than buildings located in quieter areas.453 This reduces differences in sleep 
disorders between different noise areas. 
 
 

 
 

Figure 24: Dependencies of sleep disorder responses on the LAE level of a noise event 
(indoor noise) to which a sleeping test subject is exposed, as proposed by a 
Dutch expert committee for national health.454  

 
When assessing the prevalence of different sleep disorders based on outdoor noise 
levels, the reduction in the sound level resulting from the (assumed) sound 
insulation capacity of the building shell must be subtracted. This method may be 
inaccurate because a Dutch sleep disorder study related to aircraft noise,455 for 
example, was not able to prove any valid statistical connection between the 
intensity of the outdoor noise (measured LAE level) and the motility (movements) of 
the sleeping test subject. The probable reason for this is that the dependence 
between the intensity of the indoor and outdoor noise was not sufficiently specific. 
It should be noted that the situation is completely different when it comes to 
annoyance responses. Responses to noise travelling from outdoors (noise in a 
residential area) depend much more on the outdoor noise than on the indoor noise. 
One reason for this is that indoor noise is affected by many other types of noise, not 
only by the specific noise travelling from outdoors.456 
 
Sleep disorder risks associated with noise travelling indoors from outdoors also 
depend on how much the noise level is above the indoor noise level, i.e. the extent 
to which indoor noise covers outdoor noise.433 
 
In situations where there are many noise events that result from different noise 
sources (such as air and rail traffic) and cause sleep disorders, it must be assessed 
what role each type of noise has in order, for example, to assess options on how to 
eliminate harmful noise effects. A Swiss study457 presented one method based on 
measurements. 
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In conclusion, it can be stated that the proportion of night-time awakenings caused 
by noise travelling indoors from outdoors from all awakenings is usually small. For 
example, a UK study stated that the proportion of awakenings caused by aircraft 
noise was 4%.418 Individual sensitivity to noise (and awakening sensitivity) has a 
significant impact on how easily each person wakes up due to a noise. People living 
in aircraft noise areas also become habituated to the noise, so that the probability of 
awakenings decreases compared to people infrequently exposed to identical noise. 
However, the probability of EEG awakenings occurring and changes in the depth of 
sleep do not decrease, at least not to the same extent. 
 
When applying international studies that have examined sleep disturbance caused 
by noise travelling indoors from outdoors as a function of outdoor noise levels, the 
results often need to be adjusted to match typical sound insulation capacities of 
similar buildings in Finland. It is also possible that the intensity of outdoor noise, 
and event work-based exposure to noise, have some effects on test subjects. This 
must also be taken into account, at least when applying the results of specific 
individual studies. 
 
 
4.9.4 THE PROBABILITY OF AWAKENINGS CAUSED BY SEVERAL 

NIGHT-TIME NOISE EVENTS 
 
It is usually assumed that, when there are sufficiently long pauses between noise 
events, the probability of waking up due to a noise event does not depend on any 
previous noise events. When examining the probability of sleeping through the 
night without any awakenings, this probability depends on the number of night-time 
noise events. The sound exposure level of a noise event i is LAE,i and the probability 

of awakening due to a noise event is iAELP
, . In this case, the probability of sleeping 

through the night without awakening due to a noise is calculated using the 
following formula: 
 

( )
iAEiAE LL PP

,, 1−= .        (5) 
 
When there are i = 1–n different noise events during a single night, the probability 
of sleeping through the night without waking up due to any of them is calculated 
using the following formula: 
 

( ) ( ) ( )
nAEAEAE LLLkok PPPP

,2,1,
1...11 −⋅⋅−⋅−= .    (6) 

 
If the sound exposure level of all noise events is identical, LAE, and the probability 
of awakening is Pi, the probability of sleeping through the night without awakening 
is calculated using the following formula: 
 

( )nLkok
AE

PP −= 1 .       (7) 
 
The probability of at least one awakening is calculated using the following formula: 
 

( )nLkok AE
PP −−= 11 .       (8) 

 
Example: According to Figure 22, the probability of a behavioural 
awakening (the lowest TNO curve) due to a noise event of LAE = 60 dB is 
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P60 dB  = 0.12 % = 0.0012. If there are 20 night-time noise events of this 
type, the probability of sleeping through the night without awakening is (1 - 
0.0012)20 = 0.97, or 97%, and the probability of at least one awakening is 
100 - 87 = 3%. In terms of mathematical statistics, this means that, if a 
person sleeps in this type of noise for 100 nights, the person will not wake 
up at all for 97 nights and the person will wake up at least once on 3 nights. 
If the middle curves in Figure 16 are used as the criterion, then P60 dB ≈ 
1.2%. According to this, the probability of sleeping through the night without 
awakening is 79% and the probability of at least one awakening is 21%. It 
should be emphasised that this applies to an average person who is 
habituated to the specific type of noise. 

   
It is possible that an awakening during a noise event taking place at the probability 
of 

iAELP
,

 was spontaneous and not caused by the noise event. This statistical 
possibility should be taken into account when defining sleep disorder responses 
caused by noise. The probability of a spontaneous awakening within a randomly 
selected interval (i.e. within a time during which noise events also take place) is 
Pspont and the studied probability of an awakening due to a noise event is 
Pnoise,identified. In this case, the probability of additional awakenings within the interval 
containing a noise event, Padditional, is calculated using the following formula: 
 
𝑃𝑃𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑃𝑃𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑛𝑛𝑛𝑛𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎𝑛𝑛𝑛𝑛𝑎𝑎𝑎𝑎 − 𝑃𝑃𝑃𝑃𝑛𝑛𝑛𝑛𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎     (9) 
 
The resulting probability of a “certain” awakening caused by a noise event, Pnoise, is 
calculated using the following formula: 
 
𝑃𝑃𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑃𝑃𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛,𝑛𝑛𝑛𝑛𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑖𝑖𝑖𝑖−𝑃𝑃𝑃𝑃𝑛𝑛𝑛𝑛𝑠𝑠𝑠𝑠𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑖𝑖𝑖𝑖

1−𝑃𝑃𝑃𝑃𝑛𝑛𝑛𝑛𝑠𝑠𝑠𝑠𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑖𝑖𝑖𝑖
        (10) 

 
The longer the interval within which an awakening is considered to have been 
caused by a noise event, the higher Pnoise,identified is. The reason for this increase is 
that the longer the interval is, the more probable it is that there is at least one 
spontaneous awakening which is interpreted to have been caused by a noise event. 
Intervals of 60–90 seconds, i.e. 2–3 normal epochs used in EEG studies, are fairly 
common in studies of sleep disorders caused by aircraft noise. The typical duration 
of aircraft noise, i.e. the time during which it exceeds the background noise level in 
the bedroom in field studies, is 30–90 seconds. The start of the interval is usually 
defined as the time the intensity of the aircraft noise to which the sleeping test 
subject is exposed exceeds the background noise level or the start of the EEG epoch 
during which this excess took place.458 
 
When using formula (9), the problem is to define whether or not Pnoise,identified and 
Pspont depend on each other. The more difficult it is for a person to sleep, i.e. the 
higher the person’s Pspont is, the higher the Pnoise,identified is. The main reason for this is 
that there are more intervals, during which the depth of sleep is already such (i.e. 
light) that it is easier to wake up due to a noise event than at a deeper sleep stage. 
One of the advantages of formula (9) is that Padditional represents the probability that 
can mostly be affected by means of noise control measures.458  
 
The awakening probability also depends on how much time has elapsed since the 
person fell asleep. A US study of sleep disorders caused by aircraft noise459, 364, 
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*defined the following probability of awakening due to one aircraft noise event at 
the LAE [dB] level: 

𝑝𝑝𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑛𝑛𝑛𝑛,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑛𝑛𝑛𝑛 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑓𝑓𝑓𝑓ℎ𝑎𝑎𝑎𝑎 =
1

1 + 𝑒𝑒𝑒𝑒−𝑍𝑍𝑍𝑍
 

where 
𝑍𝑍𝑍𝑍 =  −10,723 + 0,0861 ∙ 𝐿𝐿𝐿𝐿𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 + 0,00402 ∙ 𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑛𝑛𝑛𝑛𝑎𝑎𝑎𝑎 + 𝛽𝛽𝛽𝛽𝑓𝑓𝑓𝑓,   (11) 
 
where Tsleep is the time difference between falling asleep and the aircraft noise event 
in question [min], and g is the numerical value of a person’s awakening sensitivity. 
The time of an aircraft noise event was defined as the centre point between the 
beginning and the end of the event. The awakening sensitivity of the test subjects 
was divided into 33 different categories.  
 
According to formula (11), the probability of waking up due to a single aircraft 
noise event, for example, six hours after falling asleep is roughly three times higher 
than the probability of waking up due to an identical noise one hour after falling 
asleep. The value of the awakening sensitivity g for the least sensitive test subjects 
is -4.00 and that for the most sensitive test subjects is +4.00. According to this 
study, the probability of waking up to a specific aircraft noise event for the most 
sensitive people (depending on the LAE level and time Tsleep) is 1,000–2,500 times 
higher than that for the least sensitive people, and roughly 50 times higher than for 
average people. 
 
 
4.9.5 ASSESSMENT OF AWAKENINGS BY SEVERAL PEOPLE 
 
When examining sleep disorders among a large group of people, such as all the 
people living in a noise area, the dependence of the awakenings of different people 
on noise is considered to be a statistical phenomenon independent of the other 
people. This means that any awakening by person A has no impact on the 
probability of person B waking up. 
 

Example: It is assumed that there are ten noise events at an indoor LAE 
level of 55 dB per night. Based on the ISO response in Figure 22, the 
probability of awakening to a state of wakefulness is P55dB =  0.35%. When 
1,000 people are exposed to this noise for a year, the expected total 
number of awakenings is N = 1,000 ⋅ 10 ⋅ 0.0035 ⋅ 365 = 10,000. 
According to the TNO response, there would be no behavioural 
awakenings. According to FICAN 1997 and DLR/Basner responses, the 
number of awakenings per year, in the worst-case scenario (if all flights 
took place early in the morning), would be N = 1,000 ⋅ 10 ⋅ 0.028 ⋅ 365 = 
102,200. Typically, there are at least 1–2 behavioural awakenings into 
wakefulness for other reasons (even in noiseless conditions), i.e. at least 
365,000–730,000 per year. 

 
Different studies have used different threshold or maximum values for awakenings 
to identify the highest permitted or recommended noise level and the number of 
noise events per night or year. For example, a fairly recent Dutch study only 
mentions one behavioural awakening caused by noise per exposed person per year 
as the lowest response in the worst-case scenario.373 This leads to a much lower 
number of noise events and a much lower noise level than, for example, the often-
used criterion of at most one additional behavioural awakening per night. 
 
                                                      
* The study included 67 people whose sleep was monitored for 865 nights, during which 

there were 11,084 aircraft noise events.  
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4.9.6 DEPENDENCE OF THE PREVALENCE OF SELF-ASSESSED 

SLEEP DISORDERS ON NOISE 
 
The severity (how negative a person considers it to be that they wake up/have 
woken up at night due to noise) and prevalence (how often a person believes that 
they wake up at night due to noise) of self-assessed sleep disorders have been 
examined in many surveys. It is difficult to draw any definite conclusions on the 
basis of these surveys because a broad range of questions have been used to identify 
sleep disorders.460, 461, 462, 463, 619, 403, 251, * 
The intensity and prevalence of self-assessed sleep disturbances seem to be less 
sensitive to noise caused by different modes of transport than in the case of 
annoyance. For example, in a Dutch survey, 22% of all respondents were highly 
annoyed by aircraft noise, while only 11% of these were highly sleep disturbed 
(HSD). The survey (N = 2,589) covered those who reported that they heard aircraft 
noises inside their apartment. Corresponding figures for road traffic noise† (N = 
1,451) were: %HA = 27% and %HSD = 4%.464 It should be remembered that 
different studies have produced different %HA and %HSD responses. For example, 
the %HSD response in the unbroken line is not any less sensitive than the %HA 
annoyance response in Figure 10. Then again, the German NORAH study reached 
the same conclusion. The prevalence response of the highly sleep disturbed due to 
aircraft noise (%HSD) appears to be less sensitive than that of those people who are 
highly annoyed by aircraft noise (%HA).465 However, there is a strong correlation 
between annoyance and self-assessed sleep disturbance.464 
 
Results of sleep disorder surveys usually differ from results of objective studies. 
Surveys have been used to examine the number of noise-induced awakenings and 
the effects of noise on the quality of sleep. The assessed level of sleep disorders or 
the number, prevalence or recurrence of sleep disorders can be used as an indicator 
of quality.  
 
On the basis of self-assessments, the prevalence of the highly sleep disturbed (also 
covering self-reported awakenings) is usually higher than the prevalence of 
behavioural awakenings measured using objective methods (at home, among those 
habituated to noise). For example, according to a survey covering the Schiphol 
Airport area conducted in 1998, the proportion of highly sleep disturbed people 
increased from 9% to 23% when the LAeq,23–07h level of indoor noise (assessed on the 
basis of outdoor noise) increased from 22 dB (overflight/fly-by once every 1.5 
hours) to 32 dB (roughly 7 overflights/fly-bys per hour). According to modern 
studies, the number of behavioural awakenings caused by aircraft noise within 
identical noise limits should range from 1 to 13 awakenings per person exposed to 
noise per year, even in the worst-case scenario. Furthermore, people whose quality 
of sleep is normal should typically have 400–700 behavioural awakenings in 
noiseless conditions per person per year. Among the elderly, there can be 10 
awakenings per night on average, i.e. nearly 4,000 per year.373 
 
Figure 25 presents a comparison between responses published in 201474 and 
responses published in a 2007 meta-analysis (24 studies, responses of N = 22,771 
people) regarding %HSD responses to different modes of transport (Nrail traffic = 
3,187, Nroad traffic = 10,231, Nair traffic = 9,982). In the 2007 meta-analysis, the 
                                                      
* There are no international standards or recommendations prepared within the scientific 

community for the measurement of self-assessed sleep disturbances. 
† The survey covered people who lived by main roads that have a speed limit of 50 km/h or 

higher. 
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researchers aimed to harmonise the response scales concerning sleep disorders 
identified in different studies so that 0 indicated the lowest level of harmful effects 
or disorders (regardless of the types of effects or disorders) and 100 indicated the 
highest level. Those whose score was 72 or more on this scale were regarded as the 
highly sleep disturbed (%HSD). For example, if a survey included a three-step 
question (values 0, 50, 100, with the number of respondents being n0, n50 and n100), 
it was assessed, based on the statistical shape of the response distribution, how these 
responses would be located on a scale with steps 0, 28, 50, 72 and 100.460, 466 
 
According to the 2007 meta-analysis, the level of night-time aircraft noise, LAeq,night, 
explained 4% of the variation in the self-assessed intensity of sleep disturbances. 
This means that factors other than the intensity of noise (LAeq,night) explain most of 
the sleep disorders the respondents reported to be caused by aircraft noise. 
 

 
Figure 25: The dependence of the prevalence of the highly sleep disturbed (%HSD) on 

the average long-term LAeq,night level of outdoor noise caused by different 
modes of transport identified on the basis of surveys. The responses presented 
by dashed lines are based on the results of the 2007 meta-analysis460, 466, and 
those presented using unbroken lines are based on the supplementary study 
published in 2014.74 

 
It can roughly be assumed that the sound insulation capacity of Finnish residential 
buildings used round the year* is typically at least 5–10 dB higher than in the 
situations presented in Figure 25. 
 
According to a survey conducted in Switzerland, 12% of all respondents considered 
road traffic noise (outdoor noise) of 46–50 dB and roughly 14% of all respondents 
considered road traffic noise of 51–55 dB at the LAeq level to be highly annoying 
when asked to assess the level of sleep disorders.467 These figures are higher than 
those presented in Figure 25. 
 

                                                      
* With windows closed. It is not usually asked/stated in surveys whether or not the 

respondents keep their windows open at night. Some studies have asked about the need to 
keep windows closed in the apartment or bedroom as an extra factor that explains the 
intensity of annoyance. 
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A Japanese study (N = 648, all women) identified, for example, how self-reported 
insomnia468 depends on the distance between the apartment and the main road in the 
area (nigh-time traffic volume: 900 vehicles per hour, 50 km/h). Insomnia was not 
found to show any statistically significant variation at different distances. The same 
study also asked about the cause (noise source) of insomnia or sleep disorders. The 
most significant reason for sleep disorders (awakenings) was other people sleeping 
in the same room (awakening due to this reason during many nights per week, OR = 
9.0). Noise travelling from the adjoining property was the second most common 
reason (OR = 8.7). These were followed by vehicle noise (OR = 3.1–3.9).469  In 
Japan, building practices (e.g. sound insulation in the building shell) and building 
efficiency (building area per land area) differ from corresponding values that are 
typical in Finland, due to which the results should not be directly transferred to 
Finnish conditions. 
 
In comparison to the difference in responses to different modes of transport in 
Figure 25, a German laboratory study470 (N = 24, 12 nights each) reached the 
conclusion that railway noise caused a few more behavioural and EEG awakenings 
than aircraft noise, which in turn caused a few more awakenings that road traffic 
noise. The LASmax level to which sleeping test subjects were exposed was used as the 
intensity of noise during a noise event. 
 
In 2002–2003, an extensive survey of the effects of the residential and living 
environment on health risks among the urban population was conducted in the EU 
states.211 One of its sections concerned the effects of noise on health. According to 
self-assessments, traffic noise travelling indoors from outdoors caused sleep 
disorders. The larger the city is, the more probable it is that there are sleep 
disorders. The study also concluded that noise increases the risk of cardiovascular 
diseases, with long-term sleep disturbance being the cause or indicator. This 
interpretation means that night-time stress reactions caused by noise constitute a 
transmitting mechanism.212 
 
In 2015, a study was published in the US that identified the prevalence of 
insufficient sleep and rest. The respondents (745,868 people*) were asked, as part of 
the extensive annual BRFSS† study, to assess the extent to which they had 
experienced insufficient sleep or rest over the past 30 days in 2008 and 2009. Of all 
respondents, 10.8% reported that their sleep was insufficient during all 30 days and 
30.1% stated that their sleep or rest was not insufficient on any of the 30 days. The 
researchers separated those who lived in different noise areas of 95 different 
airports from this material. The respondents were divided according to aircraft noise 
areas: 1) LDN,year > 65 dB (855 people), 2) LDN,year 60–65 dB (2,368 people), 3) 
LDN,year 55–60 dB (4,576 people). The control, or cohort, group consisted of those 
who lived in areas where the aircraft noise was LDN,year < 55 dB (738,069 people). 
According to the results, the amount/prevalence of self-assessed insufficient sleep 
and rest showed no statistically significant difference between people living in these 
four different noise areas. The study did not identify other types of noise existing in 
the four areas.463 

                                                      
*  Responses obtained from 365,326 people in telephone interviews in 2008 and from 

380,542 people in 2009. There were respondents from all 50 states.  
†  Behavioral Risk Factor Surveillance System (BRFSS); more information available, for 

example, from: 
https://en.wikipedia.org/wiki/Behavioral_Risk_Factor_Surveillance_System  
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A sleep disorder study conducted in 2015 around Incheon International Airport in 
Seoul, South Korea, (N = 3,308*) reached the conclusion that the risk of insomnia 
for people living in an area with intense aircraft noise403 was 3.24 times higher and 
the risk of daytime tiredness405 was 3.43 times higher than among people living in 
quieter area where they are not exposed to aircraft noise (cohort group). In areas 
with low aircraft noise, corresponding figures were 3.45 and 2.58. The WECPNL 
level of outdoor noise was 80–90 in areas with intense aircraft noise and 75–80 in 
areas with low noise. The study does not indicate the typical sound insulation 
capacity of the building shell in these residential areas.406 The WECPNL level of 
80–90 in an area with intense aircraft noise corresponds to the LDEN level of 64–72 
dB and a WECPNL level of 75–80 in areas with low noise corresponds to the LDEN 
level of 60–64 dB.471, 472  
 
 
4.9.7 DEPENDENCE OF SLEEP DISTURBANCE RISK ON AGE 
 
Sleep disorders caused by environmental noise depend, at least in a statistical sense, 
on how long a person sleeps and at what time of the day (in relation to noise). New-
born babies usually sleep 16 hours a day, with REM sleep accounting for 40–50% 
of the total sleep time. As people get older, both of these values decrease so that, 
after 50 years, the average sleep time is 6–7 hours, of which REM sleep makes up 
roughly 15%.473, 362 
 
Based on experience, it is known that noise events in the environment have more 
effect on children than on older people. The sensitivity to changes in the EEG depth 
among young people is roughly 10 dB lower than among the middle aged.474 The 
threshold of a behavioural awakening is roughly 120 dB for foetuses, 70 dB for 
children of one and 60 dB for children of ten.475 The meta-analysis presented in 
Figure 25 reached the conclusion that the %HSD prevalence for the middle aged 
(approximately 50 years) is 2–5 percentage points higher than for people of 18 and 
81 years, depending on the noise level. The two latter groups had a roughly 
identical %HSD response. 
 
According to Figure 19, the number of EEG arousals per epoch increases through 
age in noiseless conditions (starting from the age of 18–20), doubling in 50 years. 
As the sleep time (hours per night) decreases by 60 or 90 minutes, the total number 
of arousals increases a little less. 
 
 
4.9.8 ASSESSMENT OF THE HARMFUL EFFECTS OF NIGHT-TIME 

AIRCRAFT NOISE BASED ON CORTISOL SECRETION 
 
Daytime and night-time noise events (if they are sufficiently intense) increase the 
secretion of stress hormones, such as cortisol. An increase in the secretion of stress 
hormones is an indication of stress reactions that may increase the risk of 
cardiovascular diseases, such as hypertension (see Figure 6 on page 32). Against this 
background, there is reason to identify dependencies and limits for night-time noise 
based on hormone secretion. The trouble is that there are no standard noise-induced 
disease risk limits for different concentrations of hormones agreed upon within the 
scientific community. Hormone concentrations, similarly to indices that describe the 
concentrations of different hormones, are continuous variables, unlike diseases (a 

                                                      
*  Of these, 1,428 lived in an area with low aircraft noise, 1,403 in an area with intense 

aircraft noise and 477 in an area with no aircraft noise (cohort group).  
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disease either exists or it does not). For example, when calculating the risk of noise-
induced hypertension (OR, RR), assuming that the concentration of a stress hormone 
is a mediator, the researcher has to decide what numerical value needs to be 
exceeded in order to have an indicator of a disease. 
 
Spreng476 recommends that the maximum level, LAmax [dB], of permitted night-time 
aircraft noise (indoor noise) based on the cortisol secretion response depends on the 
number of events, n [qty] (n > 2): 
 

53813,0lg257,325,31max +





 +−= n

n
LA   dB.    (12) 

 
The publication does not indicate what time weighting (slow, fast) should be used. 
The formula assumes that the maximum level of all overflights is (roughly) 
identical. If there were three overflights, permitted the LAmax would be 97 dB and, if 
there were 10 overflights, it would be 57 dB. 

It should be noted that, for most people, cortisol secretion increases during the first 
30–45 minutes of wakefulness after waking up.477, 478, 479 Repeated excessive (night-
time) cortisol secretion is assumed to reduce the immune response, cause resistance 
to insulin and increase the risk of cardiovascular diseases, osteoporosis and diseases 
in the digestive system.480, 481, 427, 212 Excess night-time noise is thought to increase 
the daily cortisol secretion and reduce the recovery of hormone functions back to a 
good and balanced state.482, 212  
 
The environmental impact assessment of Frankfurt Airport483 proposed the 
aforementioned formula to identify the maximum level of night-time aircraft noise 
based on hormonal, or stress-based, effects. It should be noted that formula (11) has 
not been validated for epidemiological studies that prove any links between noise 
and morbidity for people exposed to noise regarding different cardiovascular 
diseases. 
 
A study of health effects caused by environmental noise around three French 
airports (N = 1,244 people over 18) reached the conclusion that noise does not have 
any impact on the cortisol content in saliva following awakening, but slightly 
altered the daily variation in cortisol content. Noise exposure slightly increased the 
cortisol content in the evening. Saliva samples were taken after waking up and 
before going to bed.484 
 
A significant variation has been found in cortisol secretion at different times of the 
day and year. There are studies where this has not been taken into consideration. 
Different measurement methods produce different results, and they may produce 
results that overestimate the degree of stress.485, 486 The quality and quantity of 
daytime activities may have a significant impact on cortisol secretion following 
awakening.479 
 
Fairly short-term and intense (LAeq,20 min = 75 dB) exposure to noise during the day 
was found to increase the content of stress hormones, such as alpha-amylase and 
chromogranin A, but not cortisol, in saliva samples taken in laboratory 
conditions.487 
 
 



Kari Pesonen Consulting Engineers Ltd  Page: 79 
Helsinki 

4.9.9 THE EFFECT OF LIMITING NIGHT-TIME AIR TRAFFIC ON THE 
PREVALENCE OF SLEEP DISORDERS 

 
The extensive German NORAH study612 ,488, 489, 490 aimed to identify the effects of 
bans on night flights (between 11 pm and 5 am) at Franfurt Airport on sleep 
disorders. Night flights were banned at the same time as the fourth runway was 
opened in October 2011. The ban concerned 17 night-time flights. The ban on 
flights between 11 pm and 5 am did not have any significant impact on the number 
of flights between 11 pm and 6 am (total take-offs and landings), which totalled 150 
flights.491 
 

 
Figure 26: The average number of aircraft noise events in the NORAH study at different 

times of the night before (2011) and after (2012) the ban on night-time flights 
(between 11 pm and 5 am). The calculation is based on 30-minute periods (the 
time shown on the x-axis ±15 minutes). The time on the x-axis is the time in 
the middle of each period.492 

 
Figure 26 presents the distribution of the average number of aircraft noise events 
before (2011) and after (2012) the ban on night-time flights. The ban permits 
landings by delayed flights. As a result, the average number of night-time flights 
between 11 pm and 5 am in 2012 is not zero. 
 
Sleep and noise measurements were conducted during three nights before and after 
the ban on night-time flights was imposed. In 2011–2013, a total of 202 healthy 
adults participated in the study. Their age distribution was 18–78 years. At least in 
some measurements, the bedroom window was kept open (slightly), which largely 
explains the high LASmax levels of the aircraft noise events. The main reason for the 
high variation in the noise levels is that there was high variation in the distance 
between the apartments of the people participating in the study and the aircraft 
(nominal flight routes). 
 
Before the ban in 2011, 49 people participated in the study. There were 3,946 
aircraft noise events to which the test subjects were exposed. Of these, 8.1% were 
recorded to have caused an awakening due to aircraft noise. After the ban was 
imposed in 2012, 83 people participated in the study (79 people participated in 
sleep response measurements). There were 4,871 aircraft noise events to which the 
test subjects were exposed. Of these, 7.7% were recorded to have caused an 
awakening. 
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The sleep disorder responses of both groups were measured by means of PSG. In 
2013, sleep disorder responses were also measured from 187 people (132 people 
included in the final analysis) using a new VMM measurement, where the indicator 
of the quality of sleep disturbance was based on monitoring the heart rate (ECG) 
and motility, as well as on an automated classification of the depth of sleep 
developed during the study. There were 4,102 aircraft noise events to which the test 
subjects were exposed, of which 13% were classified to have caused a VMM 
awakening. 
 
Some of the test subjects (39 people) participated in all three sleep measurements 
conducted during the three years of the study, while some only participated in one 
of the three measurements. In all of the measurements, monitoring focused not only 
on numerous variables that measured the quality of sleep, but also on synchronised 
night-time indoor noise level close to the test subject’s ear. 
 
In the 2011 study, the test subjects went to bed between 10 and 10:30 pm and woke 
up between 6 and 6:30 am. In the 2012 and 2013 studies, the test subjects were 
divided into two groups. Test subjects in group 1 went to bed and woke up at nearly 
the same time as in the 2011 study, while test subjects in group 2 went to bed and 
woke up one hour later. 
 
In 2011, the average number of awakenings considered to have been caused by 
aircraft noise was 2.0 per night. In 2012, after the ban on flights was imposed, test 
subjects in group 1 had 0.8 awakenings per night, and test subjects in group 2 had 
an average of 1.9 awakenings per night. These awakenings following the flight ban 
took place early in the morning during flights taking off after 5 am. The average 
loudness of background noise (LAeq,1 min before noise events) was 28.8 dB in all of 
the studies. Starting from this level, the risk of waking up (odds) increased by 23% 
per increase of 10 dB in the maximum level of aircraft level.  
 
Even though the ban on night-time flights reduced the prevalence of objectively 
measured awakenings, the self-assessed prevalence of low-quality sleep increased 
from 5% in 2011 to 11% in 2013, regardless of the intensity of exposing noise. The 
study also reached the conclusion that there were no statistically significant 
differences in the amount and quality of sleep between the years (total sleep time 
per night, sleepiness in the morning, effectiveness of sleep, the time required to fall 
asleep and the time spent awake per night). A positive statistical connection was 
found between the intensity of negativity towards air traffic and sleep disorders. 
The study did not state whether this negativity increased the number of sleep 
disorders, or the other way round.  
 
Figure 27 presents different awakening risk responses measured in 2011–2013. In 
the PSG measurements (PSG response in the figure), awakenings included 
awakenings to wakefulness (W-type EEG response) and a reduction in the depth of 
sleep to S1 (S1-type EEG response).* Sleep responses that were classified as 
awakenings based on changes in the depth of sleep and took place within 90 
seconds after an aircraft noise event were considered to be associated with aircraft 
noise. Some of these were statistically spontaneous awakenings, i.e. they would 
have occurred even without any aircraft noise. The statistical proportion of these 
spontaneous awakenings has been deducted from the total responses. Figure 27 

                                                      
*  See Chapter 4.9.1.1 Classification and measurement of the quality of sleep using EEG. In 

Figure 27, the noise measure is the LASmax level and, for example, in Figure 23, the LAE 
level. LAE level is considered to be the most valid as it also takes into account the duration 
of the noise. 
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clearly indicates that the PSG response is much less sensitive than the VMM 
responses. 
 

 
Figure 27: Risk responses to awakenings due to aircraft noise events measured in the 

NORAH study. The VMM responses have been measured using changes in 
heart rate and motility as indicators. The PSG response has been measured by 
means of PSG.493, 490  

 
Figure 28 presents the average distribution of the average number of awakenings 
over different times of the night (30-minute periods) before and after the ban on 
night-time flights. The figure shows that, both before and after the ban on night-
time flights, awakenings took place early in the morning, i.e. the time when aircraft 
noise events occur after the quiet night-time air traffic period. 
 

 
Figure 28: The average distribution of the number of awakenings (measured from the 

PSG response) during the night over 30-minute periods (the time shown on the 
x-axis ±15 minutes) before (2011) and after the ban on night-time flights. 
Curve 2012a applies to group 1, i.e. those who went to bed between 10 and 
10:30 pm and woke up between 6 and 6:30 am. Curve 2012b applies to group 
2, i.e. those who went to bed between 11 and 11:30 pm and woke up between 7 
and 7:30 am.492 

 
Most of the awakenings upon which the definition of the awakening risk responses 
used in the NORAH study are based (Figure 28) seem to have taken place over a 
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short period early in the morning between 5 and 6 am (Figure 28, curves 2011 and 
2012a). These (early morning and a large number of flights within a short period) 
are the most likely reasons for the risk responses (Figure 28) being much more 
sensitive than in many earlier studies. Sensitive responses similar to those measured 
in the NORAH study were also produced in the German Airora study494 and a 
previous study of the environmental effects of night-time noise at Cologne Bonn 
Airport conducted in 1999–2002 (N = 61, 482 nights and 15,566 aircraft noise 
events).495, 496 However, Cologne Bonn Airport had no ban on night-time flights. 
 
In the NORAH study, people living around Frankfurt Airport* were also asked to 
define the intensity of self-assessed sleep disturbances. The prevalence of the highly 
sleep disturbed (%HSD) in 2012 and 2013, i.e. after the ban on night-time flights, 
was less sensitive than in 2011, i.e. before the ban. For example, in 2011, the 
%HSD at the LAeq,22-06h level of outdoor noise of 55 dB was roughly 47%, whereas it 
was 24–26% in 2012 and 2013.465   
 
The effects of bans on night-time flights on sleep and health were studied around 
Zurich Airport in 2000 and 2003 by means of surveys. In 2000, the bans on night-
time flights resulted from the temporary closing of the 10/28 runway due to the 
construction of a new terminal. The 2003 bans resulted from the German 
requirement to restrict the number of landings over German territory late at night 
and early in the morning. Due to these restrictions, the number of flights and the 
amount of night-time noise increased underneath other routes. The researchers 
reached the conclusion that an increase of 1 dB in night-time outdoor noise 
increased the number of people suffering from sleep disorders by 6.6%.† A little 
surprisingly, the researchers also reached the conclusion that an increase of 1 dB in 
daytime noise also increased the risk of sleep disorders by 7.42%.497 The research 
report does not indicate how the sleep disorder risk possibly evened out during 
following years as people became habituated to the noise. It is known that people 
are overly sensitive in reacting to changes in environmental noise and that this over-
sensitivity evens out over time.498, 437 However, research results in this respect 
(habituation, adaptation) are conflicting.499 
 
 
4.10 THE EFFECT OF ENVIRONMENTAL NOISE ON 

CARDIOVASCULAR DISEASES AND PREMATURE DEATHS 
 
As stated above, human life expectancy has increased significantly in most 
countries over the past 100 years. As a result, health policies have focused more on 
morbidity, the causes of diseases and the prevention of morbidity. Diseases and 
resulting premature deaths cause financial losses and treatment costs for healthcare 
services and people suffering from diseases. Morbidity is also considered to reduce 
the quality of life. Cardiovascular diseases form the most significant group, 
regarding which morbidity has been found to be a little higher in environments 
where traffic-induced environmental emissions are high compared to environments 
where traffic volumes are low.  

                                                      
* The query covered areas where the LAeq level of daytime and night-time aircraft noise was 

more than 40 dB. A total of 9,244 residents responded to the questionnaires. Of these, 
3,508 participated in all three questionnaires. 

† The percentage indicates odds: the probability that a person experiences sleep disorders 
against the probability that the sane person does not experience sleep disorders. The study 
tested two different statistical dependency models. According to the first model there were 
no statistical differences. The second one showed that the number experiencing increases 
6.6% per 1 dB (A) increase in the night-time or day-time equivalent sound level.. 
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Figure 6 (page 32) presents a model of the dependence of cardiovascular diseases 
on noise. Noise-induced chronic stress reactions act as main pathways. 
 
Blood pressure is the most common indicator of the risk of cardiovascular diseases. 
A high blood pressure increases morbidity and premature deaths.500 According to 
WHO’s criteria,501, 502 characteristics of a slightly elevated blood pressure (class 1) 
are:  

•  diastolic pressure 90–99 mmHg, and 
•  systolic pressure 140–159 mmHg, or 
•  medication has been prescribed for hypertension. 

 
According to the recommendations of the Finnish Medical Society Duodecim and 
the Finnish Hypertension Society,503 medication for elevated blood pressure is 
recommended if 

•  if the systolic pressure measured by a physician is at least 140 mmHg 
regardless of changes in lifestyle, or the diastolic pressure is at least 90 
mmHg, or 

•  in the long-term registration of blood pressure, the daily level of the systolic 
pressure is at least 135 mmHg, or the daily level of the diastolic pressure is 
at least 85 mmHg. 

 
The blood pressure is considered to be optimal when the systolic pressure is under 
120 mmHg and the diastolic pressure is under 80 mmHg. The general treatment 
objective is under 140/90 mmHg when measured by a physician and under 135/85 
mmHg when measured at home. For diabetes patients, the objective is under 135/75 
mmHg when measured at home. 
 
The prevalence of most cardiovascular diseases, such as hypertension, and the risk 
of a specific diseases causing death or medical treatment vary significantly from 
one country to the next.504, 505, 506, 59 This variation affects how the effects of 
different causes, such as noise, are reflected in the prevalence of these diseases. 
Therefore, an identical level of outdoor noise in a residential area can be shown as 
different morbidity risks in different countries.  
 
In the “Terveys 2000” (Health 2000) study conducted in Finland, it was discovered 
that 49% of adult men and 36% of adult women had elevated blood pressure (over 
140/90 mmHg) .513, 507 According to the 2012 Finnrisk study, the corresponding 
figures were 41% and 22% respectively.508 A similar study conducted in Sweden in 
2004 determined that the corresponding figure was 27% for both men and 
women.509, 510 In the Terveys 2000 study, 28% of men and 24% of women stated 
that they suffer from hypertension.511 In Finland, some 0.5 million people take 
regular medication for elevated blood pressure and some 0.3 million people take 
regular medication for cardiovascular diseases. In 2004, medical costs arising from 
the treatment of hypertension totalled EUR 101 million, of which patients received 
EUR 88 million in compensation.512, 513, 514 In 2015, medical costs arising from the 
treatment of chronic hypertension totalled EUR 91 million, of which patients 
received EUR 61 million in compensation.515 In Sweden, EUR 177 million worth of 
blood pressure medication for the treatment of hypertension was sold in 2002.509  
 
It is not known whether there are any studies that assess the role of environmental 
exposure regarding blood pressure and the use of medicines. In Finland, the role of 
environmental noise could be at most 0.1–1%.516 This is merely a rough estimate 
that indicates how insignificant the role is. According to current knowledge, 
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elevated blood pressure, i.e. hypertension, is nearly always essential, unclassified 
and of an unknown origin. The effect of genes on hypertension has been estimated 
to be 30–60%.517  
 
Sleep studies conducted in the 1920s already discovered that night-time noise from 
a car driving by increases blood pressure (briefly) among sleepers, even if it does 
not cause any awakening.518 Repeated traffic noise can be assumed to cause 
repeated increases in blood pressure. Neither variation in blood pressure nor 
variation in heart rate can be considered to be hazardous to people. 
 
Among most people, blood pressure drops during the night, unless there are harmful 
factors affecting the blood pressure in the sleeping environment, such as noise. 
People whose blood pressure drops by at least 10% from the daytime value are 
called dippers, and people whose pressure drops less than this are called non-
dippers.* The prevalence of hypertension is much higher among non-dippers than 
among dippers.519, 520, 521 It has been assumed, and there is some evidence, that 
night-time noise causes or increases non-dipping and, therefore, the risk of 
hypertension, cardiovascular diseases and other noise diseases. 
 
A permanent (chronic) increase in blood pressure caused by noise is often explained 
by chronic stress reactions. Researchers believe that an increase in the secretion of 
stress hormones among people exposed to noise compared to people living in low-
noise conditions is an indication of this.522, 523, 524, 525, 526, 562 Figure 6 (on page 32) 
shows a graph of dependencies presented in the literature. It illustrates the 
dependence of cardiovascular diseases on stress reactions and the dependence of 
stress reactions on noise. 
 
 
Studying dependencies between noise and cardiovascular diseases is difficult 
because, where there is traffic noise, road traffic noise, in particular, there are also 
other exposures that, in epidemiological studies, have been proven to (slightly) 
increase the blood pressure of residents and the prevalence of cardiovascular 
diseases.527, 528, 529, 530, 531, 532 For example, a study conducted in Madrid reached the 
conclusion that a change of 1 dB in the noise level caused changes in the number of 
medical appointments related to heart symptoms by the same amount as a change of 
25 μg/m3 in the concentration of air pollution.533 However, this study has been 
criticised due to a lack of control and due to the range of noise exposure being too 
narrow. In a study conducted in Stockholm, it was estimated that traffic-induced air 
pollution causes ten deaths due to infarction per 100,000 person-years. In 1997, it 
was estimated that the incidence of new hypertension cases was one per 100,000 
person-years.531 In his dissertation, Rosenlund concludes that an average difference 
of 30 µg/m3 in 30-year exposure to traffic-induced NO2 (nitrogen dioxide) 
corresponds to a difference of 1.51 times in an infarction risk leading to death (OR 
= 1.151, 95% reliability limits 0.96–2.37).531  
 
The dependence of blood pressure and cardiovascular diseases on environmental 
noise is weak, and the role of noise cannot be defined reliably. A good example of 
this is the 2002 meta-analysis conducted in the Netherlands,424 which stated that the 
study material (N = 53,212) is not sufficiently large to reach reliable conclusions of 
the effects of outdoor noise in residential areas (daytime LAeq level 55–80 dB, night-
time noise was not measured) on cardiovascular diseases. However, the researchers 
proposed that there is a positive connection between blood pressure and the 
                                                      
*  Nowadays, the night-time blood pressure dipping properties are divided into four 

categories. 
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intensity of aircraft noise (when the daytime LAeq level exceeds 55 dB). The most 
recent studies have reached the conclusion that, when the long-term LAeq,07–22h level 
of outdoor noise exceeds 65 dB, noise increases the risk of hypertension.534, 536 In an 
extensive German study based on health statistics published in 2016 (N = 0.654 
million in an aircraft noise risk analysis), it was stated that the risk of cardiovascular 
diseases starts to increase in areas where the LAmax levels of outdoor noise increase 
50 dB at least six times a night.578, * The study does not indicate the typical sound 
insulation capacity of the building shell in residential buildings in different areas. 
 
Many epidemiological studies, some of which are included in the aforementioned 
Dutch meta-analysis and some of which have been compiled afterwards, have 
shown that long-term exposure to intense noise in the working or living 
environment increases blood pressure among some people exposed to noise and 
increases the prevalence of hypertension and cardiovascular diseases. 73, 407, 424, 534, 

535, 536, 537, 538, 539, 571, 626, 540, 541, 542, 543, 544, 545, 546 Hypertension is one of the factors that 
shorten life expectancy by, for example, increasing mortality due to infarctions.547, 

548, 509, 389 
 
An extensive meta-analysis conducted by the German Environment Agency in 2006 
covers 62 studies (N = roughly 0.3 million people exposed to noise, including a 
control group).536, 539, 549 In summary, it is stated that 

•  blood pressure (N = roughly 23,000): there is no sufficient evidence to 
prove that (outdoor) noise in the living environment increases or decreases 
blood pressure. There are some studies that show that noise slightly 
increases the systolic and/or diastolic pressure, while most studies have not 
been able to show any unambiguous connection. In some studies, people 
living in a residential area with more intense noise have had a statistically 
lower blood pressure than people living in a low-noise area. 

•  hypertension (N = roughly 75,000): results are not unambiguous; significant 
differences between studies. It appears that, in residential areas where the 
long-term LAeq,day level exceeds 60–70 dB, the prevalence (risk) of 
hypertension is higher than in areas where the level is lower. For example, 
it is not known how the sound insulation capacity of the building shell 
affects this risk. A few studies included in the meta-analysis compared 
morbidity among people living in apartments facing the street and among 
people living in apartments facing the courtyard, as well as the effect of 
whether windows are kept open or closed during the night on morbidity 
(risk). The risk is lower for people living in apartments facing the courtyard 
and for people who sleep with the window(s) closed. These differences 
indicate that the risk depends on sound insulation (and on whether windows 
are kept open or closed). 

•  ischemic heart diseases, i.e. chronic lack of oxygen in the heart muscle due 
to coronary artery disease or another factor (N = roughly 56,000): Most 
studies stated that the risk is higher than 1 (OR or RR: 1.1–1,5)† if the long-
term LAeq, day level is at least 65–70 dB. However, this risk is statistically 
significant in only a few studies. The risk is higher among the highly 
annoyed than among people who are less annoyed by noise. 

 
Wolfgang Babisch, the researcher, summarises the conclusions as follows: 1) 
evidence of an increased risk between long-term exposure to intense noise in a 
                                                      
* People living in areas where LAeq,24h < 40 dB and LAmax < 50 dB was used as the cohort. In 

the study group with LAmax > 50 dB exposures may exceed this limit very much. 
† When RR (relative risk) or OR (odds ratio) are small, less than 10%, there is no significant 

difference between them. 
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residential area and an ischemic heart diseases is sufficient, 2) evidence of an 
increased risk between long-term exposure to intense noise in a residential area and 
hypertension is between insufficient and sufficient, and 3) evidence of the effects of 
noise on blood pressure and other biological responses is insufficient. 
 
The aforementioned German meta-analysis536 (only) presents a summary of the 
relative risk of hypertension caused by aircraft noise as assessed in three studies 
(Figure 29). The results of these three studies show a high amount of variation. In a 
study covering areas around Arlanda Airprot in Sweden551 (Stockholm curves in the 
figure, N = 2,959, of whom 266 in Arlanda noise areas), the total number of people 
exposed to the highest level of noise (LDEN > 55 dB, N = 138) and the prevalence of 
hypertension (N = 27) were low. If there had been seven fewer diseases cases, the 
prevalence of hypertension caused by noise (20%) would have dropped to the same 
level as among people living in areas where noise was considered to be insignificant 
in terms of hypertension (14%, LDEN < 50 dB). The prevalence of hypertension was 
based on assessments of people who participated in a survey. It is puzzling that the 
publication of the hypertension study around Arlanda Airport (other parts of 
Stockholm used as reference areas)531, 551 does not state the number of residents and 
disease cases in areas where the noise level was 55–60 dB, 60–65 dB and more than 
65 dB. The publication only states two figures (138 and 27), even though it presents 
the relative risk in noise areas in steps of 5 dB. In his dissertation,531 Rosenlund 
concludes (on page 34) that there were only seven hypertension cases in the noise 
area of LDEN > 60 dB and 20 cases in the noise area of 55–60 dB. Both of these 
figures are very small. It should be asked how representative this sample is 
considering the total morbidity among the Swedish population. What effects do 
factors other than noise and the lack of it have on hypertension? 
 
 
Information about noise exposure among people living around airfields in Okinawa 
obtained from a Japanese study (N = 28,781) as shown in Figure 29 may be partly 
unreliable. The momentary noise level exceeds 110 dB in residential areas. The 
study only included people of 40 years or older. 550, 553, 554 
 
In his dissertation published in 2005,531 Rosenlund, one of the researchers of the 
aforementioned Stockholm study,551 states (based on this same study material) that 
the risk (OR) of hypertension of people living in aircraft noise areas of more than 
LDEN 55 dB is 1.59 times higher than among people living in areas of 46–50 dB. 
According to the researcher, this risk is the same as that between people who smoke 
more than 20 cigarettes a day and non-smokers.531  
 
Following the previous study (Stockholm 1 in Figure 29) the risk of hypertension 
among people living around Arlanda Airport was studied in a new study.555 This 
study included 411 men who had lived for at least ten years in noise areas around 
Arlanda Airport (LDEN ≥ 50 dB) and who were not found to suffer from 
hypertension in the study conducted ten years earlier. The control group consisted 
of 1,616 men who lived in areas where the LDEN level of aircraft noise was under 50 
dB. Among these 411 men exposed to noise, 90 had been diagnosed with 
hypertension during the past ten years. In addition, 59 men had blood pressure of at 
least 140/90 mmHg in measurements carried out during the study. Both of these 
groups were considered to be people exposed to noise and suffering from 
hypertension. In Figure 29, the risk curve of this study is shown in the Stockholm 2 
curve (it has been assessed that LAeq,day = LDEN - 2 dB). In the two highest exposure 
categories, the risk of hypertension is much lower than in the previous study, and it 
is not statistically significant. The prevalence of hypertension among these 411 men 
was 36%, which is higher than the prevalence of hypertension in the whole of 
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Sweden (27%). In the control group, the prevalence of hypertension was 29%. If 
diagnosed hypertension cases are only taken into consideration, the prevalence was 
22% among the men exposed to noise and 16% within the control group. 
 

 
Figure 29: The relative risk (RR) of self-reported hypertension in different aircraft noise 

areas. The LAeq,day level of outdoor noise has been assessed on the basis of 
noise area maps, for example (Stockholm 1, Amsterdam, Okinawa).536, 551, 531,  

552, 553, 554 Stockholm 2, a risk curve of a new study of the hypertension risk 
around Arlanda Airport published in November 2007, and the results of the 
HYENA study published in February 2008 have been added to the figure.555 

The latter study covers people living around main airports in six EU states. Its 
results were indicated as odds ratios (OR). The difference between OR and RR 
(relative risk) is small. 

 
The risk of hypertension among people living around Arlanda Airport has also been 
analysed in a third study. This study was conducted as an addition to a diabetes 
study, which is referred to in the Stockholm 2 study above. The participants (N = 
4,851) were divided into the following groups: a) people living in areas where LDEN 
< 50 dB [1,695 men, 2,551 women], and b) people living in areas where LDEN ≥ 50 
dB [294 men, 311 women]. The latter group was divided between different noise 
areas as follows: B1: 50–54 dB N = 384  [175 men, 209 women], B2: 55–59 dB  N 
= 384 [67 men, 37 women], and B3: LDEN ≥ 60 dB N = 12 [5 men, 7 women]. When 
examining the risk difference between areas B and A (RRA = 1.0) the relative risk of 
hypertension (RR) is 1.02. However, the risk was divided so that it was 1.09 among 
men and 0.92 among women. When people who smoked cigarettes and used snus 
were eliminated from the material, the corresponding figures were 1.25 among men 
and 0.98 among women. When different noise areas were included in the analysis, 
the increase in the risk of hypertension among men was 1.08 per increase of 5 dB in 
outdoor noise when the LDEN level was more than 50 dB. No similar link between 
the risk and an increase in the noise level was discovered among women (RR = 0.98 
per increase of 5 dB).556 
 
Two surveys of the effects of aircraft noise around Schiphol Airport was conducted 
in 2002 and 2005. The 2002 survey was conducted before the new runway was 
opened (in 2003), and the 2005 survey was conducted afterwards. Both surveys 
requested information about blood pressure and related medication. In addition, 
they studied the use of blood pressure medication in different noise areas on the 
basis of national databases and morbidity among the population on the basis of 
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medical records. The new runway was not found to have any impact on the 
prevalence of cardiovascular diseases. The prevalence of self-reported hypertension 
increased according to the same ratio as among the entire Dutch population between 
2001 and 2004 (from 8.6% to 9.9%). The 2002 survey did not find any statistical 
dependence between self-reported hypertension and aircraft noise. The 2005 survey 
found a weak link: A difference of 3 dB in the LDEN level of residential areas 
corresponded to an odds ratio of 1.2. In the 2005 survey, it was found that the use of 
blood pressure medication increases by 3–6% per increase of 3 dB in the LDEN level. 
In addition, the 2005 survey reached the conclusion that there was a positive link 
(dependence) between the intensity of annoyance caused by noise and self-reported 
blood pressure. However, the researchers were not able to state, on the basis of the 
study material, whether noise causes an increase in blood pressure directly (i.e. via 
a stress reaction) or whether annoyance acts as a moderator (a personal filter on a 
pathway).557  
 
When analysing the results of the WHO-funded LARES study of aircraft noise, it 
was stated that the risk of hypertension was higher among people who felt aircraft 
noise to be highly annoying (N = 3,511, OR = 3.0; 32 people suffering from 
hypertension) than among people who felt noise to be moderately annoying (N = 
4,058, OR = 1.1; 171 people suffering from hypertension). This study did not 
identify (or at least it was not presented in the results) to how intense noise the 
participants were exposed.558, 559, 211 The prevalence of hypertension was 12.1% in 
the whole study material. There is a conflict between the aforementioned number of 
people exposed to noise, the number of disease cases and the odds ratios. It is not 
possible to explain the reason for this conflict on the basis of the publication. 
 
The noise effects of Cologne Bonn Airport were studied by analysing the use of 
medicines prescribed for different diseases in noise areas compared to areas where 
the level of aircraft noise is low. For example, the use of blood pressure medication 
was higher in areas with intense noise than in quieter areas. The intensity of noise 
between 3 am and 5 am offered the best explanation for the use of medicines.560, 561  
 
A dissertation conducted in Australia in 2003 regarding areas around Sydney 
Airport (N = 704) reached the conclusion that aircraft noise did not directly increase 
the risk of hypertension among people exposed to noise, whereas “sufficiently 
intense aircraft noise” caused the risk of a chronic stress reaction (OR = 2.61). 
People with a chronic stress reaction had the risk of hypertension (OR = 2.74). In 
addition, aircraft noise was found to have some impact on the self-assessed quality 
of life. This was measured using the SF-36 survey.395 The study only regarded 
flights, the maximum level of which was more than 70 dB, as aircraft noise. An 
indicator of the intensity of noise was the difference between the LAeq,day level of 
these flights and the LAeq,day level of background noise, i.e. the amount how much 
the daytime LAeq level of intense aircraft noise exceeded the corresponding level of 
background noise. As the noise indicator differs from normal, it is difficult to 
compare these results with other studies.562, 563 
 
A French study of mortality statistics from 2007–2010 analysed mortality due to 
cardiovascular diseases in noise areas of and around three airports: 1) Charles de 
Gaulle Airport in Paris, 2) Saint-Exupery Airport in Lyon, and 3) Blagnac Airport 
in Toulouse. The LDENAEIi level was used as an indicator of the intensity of 
exposure to noise: 
 

𝐿𝐿𝐿𝐿𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎 = 10 lg � 1
∑ 𝑃𝑃𝑃𝑃𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘

∑ �𝑃𝑃𝑃𝑃𝑗𝑗𝑗𝑗10
𝐿𝐿𝐿𝐿𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷,𝑛𝑛𝑛𝑛
10 �𝑗𝑗𝑗𝑗≥1 � dB,    (13) 
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where i is an index concerning municipalities around an airport (local 
administrative unit, of which 161 were included), Pj is the number of residents 
exposed to noise of LDEN,j, and ∑kPk is the total number of residents (in noise areas 
and no-noise areas), totalling 1.9 million people. Around Charles de Gaulle Airport, 
areas where the LDENAEIi level was 50 dB or higher were regarded as noise areas. 
Around the other two airports, the corresponding limit was 45 dB. Exposure was 
calculated using a resolution of 1 dB. The range of the LDENAEIi level was 42.0–
64.1 dB, with the average being 49.6 dB. The relative risk (RR) of dying due to a 
cardiovascular disease was 1.18, the risk of dying due to a coronary artery disease 
was 1.24, and the risk of dying due to a myocardial infarction was 1.28 per increase 
of 10 dB in the LDENAEIi level. The link between noise exposure and the risk of 
dying due to a cerebral infarction was weak, i.e. 1.08 per increase of 10 dB in the 
LDENAEIi level564  
 
The unusual indicator of noise exposure used in the aforementioned French study 
makes it difficult to compare its results with other similar studies. For example, the 
German NORAH study (N = 851,366, among whom there were 19,632 infarction 
cases in different noise areas) reached the conclusion that the risk (OR) of an acute 
myocardial infarction (I21) decreased, according to a linear trend curve, by 0.7% 
per increase of 10 dB, as the LAeq,24h level of outdoor noise increased from 40 dB to 
65 dB. However, the risk was high, i.e. 1.42 (95% CI 0.62–3.25)*, in the area where 
the noise level was the highest, i.e. LAeq,24h = 60–65 dB.579, 565, 564 
 
During the three aforementioned French aircraft noise studies, the prevalence of 
hypertension in different aircraft noise areas was also studied (N = 1,244 people of 
over 18 years). The risk of hypertension (OR) increased so it was 1.34 times higher 
(95% CI 1.00–1.97) when the LNight level increased by 10 dB, but only among 
men.566 
 
An Austrian study reached the conclusion that noise from motorways only causes 
an increased risk of hypertension among those who have a genetic predisposition of 
hypertension, but not among those who do not have this genetic predisposition. 
Identical highway and railway noise did not cause any statistically significant 
increase in the risk among either group. A recent Finnish dissertation has studied 
genetic risk factors related to cardiovascular diseases among the populations of the 
Nordic countries and Finland.567 
 
In 2005, an extensive study (N = 4,500) based on assessments by patients and their 
physicians was started in the Paris metropolitan area to identify, for example, the 
effects of noise on hypertension.568, 569 Some of its results have already been 
published in French.  
 
The HYENA study570, 538, † included six main airports in EU states: Heathrow 
Airport (London, the UK), Tegel Airport (Berlin, Germany), Schiphol Airport 
(Amsterdam, the Netherlands), Arlanda Airport (Stockholm, Sweden), Malpensa 
Airport (Milan, Italy) and Athens International Airport (Athens, Greece). The 
outdoor noise level to which the test subjects were exposed was based on a noise 
level calculated using noise area maps. The risk of hypertension varied between 
different countries. The risk (OR) of a disease caused by daytime aircraft noise 
(LAeq,16h), defined as a combined result of all countries involved, decreased slightly, 

                                                      
* Due to the small number of cases (6 infarcts, 196 cohorts), the OR = 1.42 (95% CI 0.62 - 

3.25) risk score is not statistically significant. 
† Hypertension and Exposure to Noise near Airports. Research funding EUR 2.3 million . N 

= 4,861 interviewees. 
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or was independent of noise, when the noise level increased from 50–54 dB to more 
than 65 dB in steps of 5 dB. 571 This risk curve is presented in Figure 29. 
 
The HYENA study also reached the conclusion that annoyance acts at least as a 
weak moderator, affecting blood pressure among people living in different noise 
areas. A sensitive or intense annoyance response depending on noise makes the 
blood pressure response more sensitive among people living in aircraft noise areas. 
The study did not show which one – the noise level or the intensity of annoyance – 
is a better indicator of the risk of hypertension.572  

 
The HYENA study also aimed to identify how the risk (OR) of hypertension caused 
by aircraft noise depended on the night-time noise level (LAeq,night) around airports 
with night-time traffic. In this case as well, the risk based on the study material 
decreased as the outdoor noise level increased in steps of 5 dB from LAeq,night = 40–
44 dB to LAeq,night = 50–54 dB. The risk was the highest (OR ≈ 1.3) in the noise area 
of LAeq,night = 40–44 dB. However, the trend curve of the study material shows that 
the risk increases as a function of an increase in the noise level.  
 
The HYENA study also monitored the night-time blood pressure among 140 people 
living in aircraft noise areas using measurements carried out every 15 minutes in 
one night. At the same time, the noise to which the sleeping test subjects were 
exposed was measured (and recorded). It was found that noise events of more than 
LAFmax 35 dB (aircraft noise travelling indoors from outdoors, road traffic noise and 
different indoor noise events) increase the systolic and diastolic pressure briefly. 
The increase in the systolic pressure was 0.6–0.7 mmHg per increase of 5 dB in the 
LAFmax level. The average systolic pressure during sleep increased by 6.2 mmHg and 
the average diastolic pressure increased by 7.4 mmHg during the 15-minute period 
when the LAFmax level of aircraft noise exceeded 35 dB indoors. Other traffic noise 
travelling indoors and indoor noise events caused a roughly similar increase in 
blood pressure. There was no statistically significant variation in heart rate caused 
by aircraft and road traffic noise, while there was such variation caused by indoor 
noise.573, 574 An increase in blood pressure during noise events is considered to 
indicate that a person’s auditory perception and nervous system are reacting to the 
noise, even if the person does not wake up. 
 
A German study conducted in Berlin in 2010–2011 aimed to identify the prevalence 
of elevated blood pressure (measured blood pressure ≥ 140/90 mmHg) among 
people living by busy roads (N = 753; people living by quiet roads as the cohort, N 
= 1,017). The study reached the conclusion that, when the LDEN level on the street 
side exceeds 50 dB, the risk is OR = 1.15 (CI 95% 1.05–1.26) per increase of 10 dB 
in outdoor noise.* The study also concluded that there was only a statistically 
significant dependence regarding blood pressure among those whose living room 
faced the street. No links between blood pressure and the outdoor noise level was 
found among people whose all rooms were on the quiet side. Furthermore, no 
statistical dependence was discovered between blood pressure and the intensity of 
calculated night-time noise in the bedroom (either facing the street or the 
courtyard).575  
 
As stated above, the most serious consequence of hypertension is death or a 
cardiovascular disease requiring hospital care. The risk of having a myocardial or 
cerebral infarction leading to death or hospital care during the next ten years 
depends, according to the Finnish FINRISKI study,500, 576 not only on age, but also 
on smoking, the total and HDL cholesterol concentration, the systolic pressure and 
                                                      
* Reports present a number of odds ratios (OR) based on different limiting factors. 
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the genetic background, which is measured by the prevalence of a myocardial 
infarction in either parent. If an elevated systolic pressure is the only risk factor, an 
increase of 5 mmHg in pressure increases the risk by 0.02–0.05 percentage points 
among 30-year-old Finnish men and by 0.1–0.4 percentage points among 50-year-
old Finnish men, depending on the initial pressure to which the effect of this 
increase is compared. 
 
 

 
Figure 30: The relative risk of a disease in different aircraft noise areas of Heathrow 

Airport calculated on the basis of hospital visits. Curve 1: risk of a cerebral 
infarction; curve 2: risk of ischemic heart disease; and curve 3: risk of all 
cardiovascular diseases. The figure presents the average responses of the two 
different models presented in the reference publication. The models differ in 
terms of the confounding factors using in the statistical analysis. The highest 
differences in risks between the two models were in ischemic heart diseases in 
noise areas where the LAeq,07–22h level was more than 63 dB (model 1: 
approximately 1.7; model 2: approximately 1.2). 

 
In the UK, the prevalence and risk of cardiovascular diseases caused by aircraft 
noise were studied by comparing hospital visits recorded in different aircraft noise 
areas of Heathrow Airport in 2001–2005. A total of 3.6 million people live in these 
areas. The purpose of the study was to identify cases of cerebral infarctions*, 
ischemic heart diseases† and all cardiovascular diseases‡ leading to hospital visits 
and mortality related to these diseases. The relative risk (RR) of cases leading to 
hospital visits in different noise areas is presented in Figure 30. Curve 1: risk of a 
cerebral infarction; curve 2: risk of ischemic heart disease; and curve 3: risk of all 
cardiovascular diseases. The reference publication presents risk curves calculated 
using two different models. The curves presented in Figure 30 are the average 
responses of these models.577  
 
The Heathrow study reached the conclusion that the relative risk (RR) of a cerebral 
infarction, ischemic heart disease and all cardiovascular diseases leading to death 
clearly exceeded the risk of 1.0 in the reference area (LAeq,06–23h = 51–53 dB) in areas 
where the LAeq,06–23h level was more than 60 dB. In these areas, the mortality risk 
ranged from 1.15 to 1.29. 
                                                      
* ICD-10 disease categories I60, I63, I64: a total of 16,983 cases in different noise areas. 
† ICD-10 disease categories I20–I25: a total of 64,448 cases in different noise areas. 
‡ ICD-10 disease categories I00–I99: a total of 189,226 cases in different noise areas. 
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An extensive US study published in 2013 (N = 6 million)* examined how the risk 
(prevalence) of myocardial infarctions leading to hospital visits by people of 65 
years or older living in different noise areas of 89 airports† depended on outdoor 
noise. The study concluded that the risk of infarctions leading to hospital visits 
increased by 3.5% (95% CI 0.2–7.0%) per increase of dB in the LDN level of 
outdoor noise. The risk was calculated using three different models, including 
different numbers of confounding factors. The risk of 3.5% was calculated using 
model 3. According to model 1, the risk was 2.9% (95% CI 0.8–5.0%) and, 
according to model 2, the risk was 1.6% (95% CI -0.2–3.5%) per increase of 10 dB 
in the noise level. It should be noted that the condition of “per increase of 10 dB in 
the noise level” takes place in noise areas of LDN > 55 dB in this study.541 
 
Results of a highly extensive study of cardiovascular disease risks based on medical 
records (N = 1,026,670)‡ was published in Germany in 2015–2016 in relation to the 
NORAH study. Its preliminary information included medical services given for 
cardiovascular diseases and compensated for by the three largest statutory health 
insurance funds for their customers of at least 40 years of age in 2005–2010. There 
were a total of 104,145 accepted cases, and the cohort consisted of 654,172 people. 
The intensity of outdoor noise (road traffic, railway and aircraft noise) was defined 
using noise area maps (LAeq,24h, LAmax) on the basis of addresses. The people exposed 
to aircraft noise lived around Frankfurt Airport. The risk among people living in 
different noise areas was compared to the prevalence of diseases in areas where 
LAeq,24h < 40 dB and LAmax < 50 dB. The dependence of the risk on noise in 
residential areas was fairly low regarding all modes of transport, being 1.6–3.1% 
per increase of 10 dB in the noise level. The risk caused by road traffic and railway 
noise was a little higher than the risk caused by aircraft noise. An exception was 
made by the risk of hypertensive heart diseases (I11) in aircraft and road traffic 
noise areas. Depending on the standard confounding factors, OR was 12.6–13.5% in 
aircraft noise areas and 5.1–5.2% in road traffic noise areas per increase of 10 dB in 
the noise level (LAeq,24h).578, 579  
 
In aircraft noise areas, the risk of cardiovascular diseases increased by 1.6% (OR = 
1,016) per increase of 10 dB in the noise level, when noise was above the 
aforementioned limits of LAeq,24h < 40 dB and LAmax < 50 dB. No statistically 
significant dependence between the risk of a heart failure (I50, N = 70,012) and an 
increase in the aircraft noise level was found. The risk of a hypertensive heart 
disease (I11.–) was found to depend on the intensity of aircraft noise: OR = 1.126 
per increase of 10 dB in the noise level in a residential area when LAeq,24h is more 
than40 dB or LAmax is more than 50 dB.578 
 
A Swiss study published in 2010580 examined the link between aircraft noise, road 
traffic-induced air pollution (PM10) and mortality due to myocardial infarction§. The 
                                                      
*  Totally 6 million persons having Medicare’s health insurance and living in noise areas LDN 

≥ 45 dB. 47% of these lived in the LDN = 45–50 dB, 30% in 50–55 dB and 23% in areas 
over 55 dB. The study compared the hospital visits of persons living in different noise 
areas in 2009. 

†  ICD-9 diseases 428, 426–427, 430–438, 410–414, 429, 440–448 in total. 
‡  ICD-10 diseases I50 (N = 70,012), I11.0 (N = 8,945), I11.-, (N = 50,681), including N = 

37,893 people suffering from I11.9 (hypertensive heart disease without heart failure), 
were included. Codes I13.0 and I13.2 had 1,054 treated patients in total. 

§  ICD-10 diseases I21 and I22: 15,532 deaths in total. The study also examined 
dependencies related to other ICD-10 diseases: I00–I99: 177,836 deaths, C33 and C34: 
14,095 deaths, and I60–I64 (apart from I63.6): 25,231 deaths. The numbers refer to people 
who have lived at the same address for more than 15 years. 
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study covered population and disease statistics from 2000–2005. The study included 
people living around 65 airfields, totalling 4.6 million people. Of these, the cohort, 
i.e. people living in noise areas when the LDN level of environmental noise is less 
than 45 dB, comprised 91.4%. The dependence of mortality caused by infarctions 
on the intensity of noise in a residential area was studied using three different 
models. The hazard ratio (HR) was above 1.0 in the models as follows: 
- Model 1, HR = 1.27 (95% CI 0.94–1.71), when LDN ≥ 60 dB 
- Model 2, HR = 1.01 (95% CI 0.91–1.11), when LDN = 50–54 dB 
- Model 2, HR = 1.04 (95% CI 0.91–1.18), when LDN = 55–60 dB 
- Model 2, HR = 1.28 (95% CI 0.95–1.73), when LDN ≥ 60 dB 
- Model 3, HR = 1.02 (95% CI 0.93–1.12), when LDN = 45–49 dB 
- Model 3, HR = 1.02 (95% CI 0.92–1.13), when LDN = 50–54 dB 
- Model 3, HR = 1.05 (95% CI 0.92–1.19), when LDN = 55–60 dB 
- Model 3, HR = 1.30 (95% CI 0.96–1.76), when LDN ≥ 60 dB 

In addition, model 3 only included people who had lived for at least 15 years in a 
single address as an additional option. Among this population, the HR of 
myocardial infarction was slightly higher in all categories exceeding LDN 45 dB. For 
example, in the category of the highest noise level: 
- Model 3 sub, HR = 1.48 (95% CI 1.01–2.18), when LDN ≥ 60 dB 

No statistical dependence was discovered between other studied diseases (all 
cardiovascular diseases, cerebral infarctions and cancer) and noise.580 
 
A Swiss study published in 2015 assessed the health effects of road traffic, railway 
and aircraft noise in the entire country. The health effects included years of life lost 
(YLL) due to cardiovascular diseases and the number of hospital days due to noise 
and air pollution diseases leading to death in 2010. It was estimated than 0.58 
million people lived in aircraft noise areas. Most of these people were living in 
areas where the LDEN level did not significantly exceed the threshold level of 48 
dB.* The number of years of life lost due to cardiovascular diseases caused by 
aircraft noise was estimated to be roughly 200 (95% CI 70.370). Ischemic heart 
diseases caused by aircraft noise and leading to death were estimated to have 
required 470 days in the hospital in 2010 (95% CI 150.790), cerebral infarctions 
were estimated to have required 150 days in the hospital (95% CI 0.700) and 
hypertension was estimated to have required 140 days in the hospital (95% CI 
60.220). The external costs of diseases caused by traffic noise and air pollution 
were estimated at CHF 1.7–1.8 billion per year. The proportion attributed to aircraft 
noise was not presented separately in this study.581 
 
 
4.11 LINK BETWEEN ENVIRONMENTAL NOISE AND THE 

PREVALENCE OF DIABETES 
 
On the basis of the literature search, ten significant studies of the diabetes risk 
caused by exposure to noise have been published globally by 2017. Of these, six582, 

583, 584, 585, 586, 587 (+) have studied the prevalence of type 2 diabetes in residential 
areas with different outdoor noise levels, and four588, 589, 590, 591 have studied the 
dependence of the diabetes risk on noise in the working environment. It has been 
proposed that the main reason for the diabetes risk is that exposure to noise and the 
resulting allostatic loads increase the production of glucocorticoids and reduce the 
production of insulin in the pancreas.592, 593, 212  

                                                      
*  Authors estimated that in aircraf noise areas the average outdoor LDEN exposing people 

exceeded 48 dB only by 0.37 dB. 
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Only one study has examined the dependence of the prevalence of diabetes on 
aircraft noise in a residential area. This Swedish study (N = 1,191, cohort N = 
3,965) did not find any clear dependence between diabetes and aircraft noise.586  
 
Diabetes increases the risk of premature death and causes a burden or decreases the 
quality of life, causing it to be classified as a disability.594 
 
The dependence of the diabetes risk on the intensity of environmental noise shows 
great variation from one study to the next. Some studies have not found any 
dependence, while others have. 
 
  
4.12 LINK BETWEEN ENVIRONMENTAL NOISE AND GENERAL AND 

ABDOMINAL OBESITY 
 
Overweight and general and abdominal obesity are factors that increase the risk of 
noise diseases, diabetes and cardiovascular diseases. Obesity also increases the risk 
of many other diseases. Obesity is caused by an abnormally high amount of body 
fat. Obesity has been divided into two main types: 

1) abdominal, or central, obesity, where fat builds up primarily in the stomach, 
and 

2) gynoid, or lower body, obesity, where fat forms primarily around the hips, 
thighs and buttocks. 

 
Obesity is measured by the body mass index (BMI). It is defined as follows: BMI = 
weight [kg]/height2 [m2]. Currently, a person whose BMI is over 30 is considered to 
be overweight. The limit of abdominal obesity if a waist circumference of 90 cm 
among women and 100 cm among men. 
 
There are several studies where a (slight) link has been found between noise in the 
living environment and obesity.586, 595, 596, 597, 598, 599 For example, a Danish study (N 
= 39,720) reached the conclusion that the risk of an increase in weight by at least 5 
kg during the five monitoring years was 1.10 (95% CI 1.04–1.15) per increase of 10 
dB in the outdoor road traffic noise level (LDEN) in a residential area.599 A Swedish 
study (N = 5,156, of whom 3,965 were exposed to aircraft noise of LDEN = 48–65 
dB), including a partial study of the link between aircraft noise and obesity, reached 
the conclusion that, during the average disease monitoring period of 8.9 years, no 
statistically significant link between the BMI and noise in the living environment 
was found. However, the study found a weak link between noise and abdominal 
obesity.586 
 
 
4.13 NOISE AND MENTAL HEALTH – DEPRESSION AND ANXIETY 
 
Currently, noise in the living environment is regarded as a factor or condition that 
can cause stress reactions among people exposed to noise,600 even at fairly low 
noise levels.522 According to current knowledge, long-term stress increases the risk 
and prevalence of many diseases, such as cardiovascular diseases, mental disorders 
and sleep disorders.212 Depression*, 601 and anxiety†, 602 are mental disorders, the risk 
and prevalence of which have been found to depend on environmental noise, at 
least to some extent.603, 604, 738 

                                                      
* A long-term depression is considered as a disease. 
† The disease classification uses the name anxiety disorder or generalized anxiety disorder. 
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It is estimated that some 5% of all people living in Finland suffer annually from 
depression and 10% suffer from anxiety attacks at some point of their lives. In 
addition, 1–7% suffer from generalised anxiety disorders.605, 606, 607 Noise in the 
living environment only explains a small part of the prevalence of these diseases.  
 
The link and effect between noise in the living environment and the risk and 
prevalence of mental disorders have not been studied very extensively compared to, 
for example, the number of sleep disorder studies. Only a few of these studies have 
also covered aircraft noise.  
 
In a Dutch study conducted between 2002 and 2005 in relation to the opening of the 
fifth runway at Schiphol Airport, no statistical link between increased noise and 
mental health was discovered. The prevalence of depression and anxiety showed no 
statistically significant difference from their general prevalence, before or after the 
expansion. However, the study found a link between negative effects on mental 
health and the intensity of annoyance. The prevalence of depression and anxiety 
was a little higher among the highly annoyed.608, 609, 610  
 
The extensive German GEDA study conducted in 2012 (N = 19,294) discovered a 
clear statistical connection between road traffic and railway traffic, the experienced 
annoyance caused by noise from the adjoining property and mental health. In other 
words, the more annoying a person felt noise to be in their living environment, the 
more likely it was that they had problems or difficulties related to mental health* 
(anxiety, depression, general lack of positivity, emotional control). With regard to 
aircraft noise, a similar statistical connection† was discovered among men, but not 
among women.611 
 
The German NORAH study conducted in 2011–2015612 defined a dependence 
response between aircraft noise‡ and the depression risk, shaped like an upside-
down U. When the reference risk in the noise area of LAeq,24h < 40 dB was 1.0, the 
risk reached its maximum level (1.17) at the noise level of 50–55 dB. The risk was 
1.01 in the noise area of 55–60 dB and 0.56 in the noise area of 60–65 dB.§ To 
explain this, the researchers presented an assumption that the people who suffer 
from stress due to noise rather move to quiet areas than to aircraft noise areas. The 
researchers proposed that the risk of depression increases by 8.9% per increase of 
10 dB in noise.613, 579 
 

                                                      
*  Mental health was measured using a five-question MHI-5 test. This test includes questions 

that measure anxiety, depression, positive emotions and control over emotions and 
behaviourar control. 

†  The statistical dependence between annoyance and mental health was studied using three 
different models. These models differed from one another in terms of the harmonisation of 
confounding factors The models differed in standardization of the confounding factors 
taken into account. Even for women, two models showed a clear dependency, but the third 
did not. 

‡  The risk response for road traffic noise was a monotonically increasing as function of 
LAeq,24h-level. The increase was 4.1% per 10 dB. Concerning rail traffic noise the risk 
increased monotonically within 40 and 50…55 dB, declined after this and was higher than 
earlier within noise levels 60–65 dB, and declined after this in higher noise levels being 
0.9 in over 70 dB levels. The researchers suggest that as an average the risk increases by 
3.9% per 10 dB increase in noise. 

§  So called Basismodell 3 is used in controlling confounding factors when estimating these 
risk values..  
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In the extensive Gutenberg health study conducted in Germany (N = 15,010),614 the 
purpose was to identify, in addition to cardiovascular disease risks, any links 
between depression and anxiety and the intensity of annoyance caused by noise. A 
separate publication615 reports how annoyance caused by noise from different 
modes of transport is associated with the level of depression and anxiety. As 
annoyance increases from slight to extreme, the risk of the simultaneous prevalence 
of depression increased to be 2.0 times higher and the risk of anxiety increased to 
be 1.8 times higher. Because annoyance caused by aircraft noise at a specific noise 
level is higher and the prevalence of the highly annoyed is higher than those 
regarding other modes of transport, industrial activities and adjoining properties, the 
researchers concluded that a specific level of aircraft noise causes a higher risk of 
the prevalence of depression and anxiety than the other causes of noise. 
 
The previous study confirms the hypothesis that, if prolonged, the frustration caused 
by annoyance and powerlessness to improve the noise conditions increases the risk 
and prevalence of depression and anxiety in noise areas. It is probable that 
frustration and powerlessness are at least partial reasons why the symptoms of 
depression and anxiety become negative among some people as noise conditions in 
their living environment continue regardless of any demands for improvements.616 
 
Sensitivity to noise is known to affect, for example, annoyance caused by noise. In 
a study of health effects around Frankfurt Airport (N = 2,310; N = 190 in an 
analysis of the effects on mental health), it was found that sensitivity to noise had 
no effect on mental health, while it affected the physical health of the 
respondents.617 
 
A Korean survey (N = 1,005) reached the conclusion that people living areas with 
intense (LDEN ≥ 67 dB) and moderate (LDEN ≈ 47–67 dB) environmental noise 
(outdoor noise, calculated using a noise model) around a military airfield618 
reported more intense depression, anxiety and stress than people living in the 
reference area (LDEN < 47 dB). For example, the prevalence of depression was 5.2% 
in the reference area, 47.0% in the area with moderate noise and 47.8% in the area 
with intense noise. The corresponding prevalence of anxiety was 20.8%, 27.2% and 
33.5% and that of stress was 3.6%, 10.0% and 15.3% respectively. This study also 
concluded that depression, anxiety and stress increased the prevalence of different 
sleep disorders.619 The research publication does not present any estimates of the 
intensity of aircraft noise travelling indoors from outdoors.  
 
The prevalence of depression in road traffic noise areas has been identified in the 
Ruhr area, in Germany, using longitudinal studies (N = 3,300). The prevalence and 
risk of depression were measured on the basis of surveys and the use of depression 
medication by the participants.620 
 
In a study conducted in Oslo, Norway, a weak statistical link was discovered 
between mental health and road traffic noise, but only among people who reported 
that they suffered from sleep disorders.621 
 
In a study conducted in South Wales in the UK in 1996 (N = 1,725, men only), no 
growing link between road traffic noise and the prevalence of depression was found 
as the noise level increased.622 
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4.14 THE EFFECTS OF NOISE ON LEARNING AND COGNITIVE 
FUNCTIONS AMONG YOUNG PEOPLE AND ON HEALTH AMONG 
STUDENTS 

 
Based on life experience, we know that noise events that travel indoors from 
outdoors and can be distinguished from other noise disturb teaching, at least briefly, 
and learning performance. However, teachers and students can withstand 
unexpectedly high noise levels (even LAE levels of more than 70–80 dB) without 
any negative effects revealed using scientific measurements.623 Lower noise levels 
have also been defined, at which aircraft noise starts to have negative effects on 
memorising and memory retrieval. The effects of lower levels depend on the 
number of events during the memorising process.624 The level of disturbance 
depends on the information content of the noise, at least to some extent.625 
 
Recently, there have been a fairly large number of studies regarding the effects of 
noise on learning of children and young people, as well as on cognitive functions 
related to learning, such as memorising and memory retrieval, on performance of 
different (simple) tasks, and on children’s health.626, 627, 628, 629, 630,  631, 632, 633, 634, 635, 

636 
 
The LDEN and LAeq, 07–22h levels of environmental noise around airports may not be 
highly valid indicators when assessing the effects of aircraft noise on children at 
schools and day-care centres. At least at some airports, a significant part of all noise 
events take place early in the morning or late in the afternoon when schools and 
day-care centres are not open.635 
 
The report “Aviation and environment” prepared by the UK Parliamentary Office of 
Science and Technology states that, according to the results of studies conducted at 
schools around Heathrow Airport, considering socio-economic factors, it is not 
clear whether the decrease in educational achievement (differences between schools 
with different noise levels) resulted from direct noise effects or from other factors, 
such as (partly), aircraft noise events interrupting teaching, reducing the time 
available for teaching.637 
 
The results of the EU-funded multinational RANCH study638 were published in 
summer 2005.639, 640, 641, 642 The study included 89 schools from three countries (the 
UK, the Netherlands and Spain) and 2,844 students (ages 9–12). The schools were 
located in noise areas where the daytime LAeq07–23h level (defined on the basis of a 
noise area map) was 30–77 dB. Schools where the LAeq,07–23h level of outdoor noise 
was at least 66 dB were classified as noisy schools. Studies of reading skills did not 
include schools with double- or triple-glazed windows (because, according to the 
researchers, these had too high a sound insulation capacity considering the purposes 
of the study; in other words, the level of noise travelling indoors from outdoors was 
too low). Reading skills were delayed by roughly two months in the UK (29 
schools, N = 1,174) and by roughly one month in the Netherlands (33 schools, N = 
762) per increase of 5 dB in aircraft noise. In Spain (27 schools, N = 908), where 
schools are located in quieter areas than in the UK and the Netherlands, it was not 
possible to assess the effects of noise on reading skills (it was not possible to 
unambiguously define the age when children learn to read). The study stated that 
the level of aircraft noise in the school and home environments depended on one 
another. In other words, when noise in the school environment was intense, noise 
was also intense in the living environment, and vice versa.  
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The partial RANCH study also reached the conclusion that chronic (continuous, 
long-term) exposure of students (62 schools, N = 1,283, aged 9–11) to aircraft noise 
did not have any statistically significant effect on their physical or mental health. 
Furthermore, this study did not find any significant links between aircraft noise and 
blood pressure among students (N = 853). Among 3% of all students in the 
Netherlands and among 1% in the UK, the diastolic pressure exceeded (for one 
reason or another) the level of 85 mmHg and the systolic pressure exceeded 135 
mmHg.643, 641   
 
According to the results of the RANCH study, students’ ability to assess the 
intensity of noise and resulting annoyance did not differ from adults’ ability and 
results. It was also found that children who have a good ability to recover from 
stress reported noise in the school and living environment to be less annoying than 
children whose ability to recover from stress was lower. 
 
The results of the RANCH study cannot be directly applied in Finland, as Finnish 
schools usually have double- or triple-glazed windows with a high sound insulation 
capacity, and there are not many schools in Finland that are located in aircraft noise 
areas where the daytime LAeq,16 h level is more than 60 dB. More than half of the 
schools included in the RANCH study had single-glazed windows. 
 
In studies conducted around Munich Airport in German in the 1990s, schools were 
divided into two categories based on outdoor noise: schools with intense noise and 
schools with low noise. The diastolic pressure of students was 0.17 mmHg lower 
and their systolic pressure was 1.92 mmHg higher in areas with intense aircraft 
noise than in quieter areas. The average outdoor noise level was LAeq,24h = 68.1 dB 
was in areas with intense noise and 59.1 dB in quieter areas.644, 645 The researchers 
did not present how serious health effects result from this difference. 
 
When examining how exposure to noise at school has an impact on the  blood 
pressure and heart rate among African students with normal auditory perception (N 
= 220, aged 10–19) compared to deaf students of the same age (N = 79, aged 10–
24), it was found that blood pressure was higher among deaf students.646 An earlier 
Chinese study (N = 583 students with normal auditory perception, N = 309 deaf 
students) produced opposite results.647  
 
An Australian study648 (N = 115) compared the health of fourth-grade students who 
lived in noisy residential areas (LDN > 60 dB, half of all test subjects) with the health 
of those who lived in quiet residential areas (LDN < 50 dB, half of all test subjects). 
The average diastolic pressure of students who lived in noisy areas was 0.25 mmHg 
lower (73,00 vs. 72.75 mmHg), while their systolic pressure was 1.97 mmHg higher 
(117.29 vs. 115.32 mmHg). There were no statistically significant differences in 
heart rates. The night-time secretion of cortisol was a little higher among students 
who lived in noisy areas (4.87 µg/8h vs. 3,86 µg/8h). Students who lived in noisy 
areas had slightly elevated reactions to acute stress (measured using a reading 
comprehension test). According to the researchers, there are minor differences, even 
though some of them are statistically significant. They did not state the significance 
of these differences to people’s health or expected health during adulthood. 
 
When the aim is to apply studies that have been conducted in other countries to 
identify the effects of noise travelling indoors from outdoors on learning and 
cognitive functions, the results usually need to be adjusted to correspond to the 
typical sound insulation capacity of similar buildings in Finland. It may also be the 
case that the intensity of outdoor noise has an impact on the learning and memory 
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functions of the test subjects, which must also be taken into account when applying 
the results. 
 
 
4.15 THE EFFECTS OF NOISE ON OUTDOOR RECREATIONAL 

AREAS 
 
The Ministry of the Environment has published a study of the effects of noise on 
quiet areas.649 The study also offers information about the effects of aircraft noise 
on areas where people spend time outdoors. 
 
In a Norwegian study (N = 975), the intensity and other properties of noise only 
explained 2% of the individual variation in annoyance caused by noise heard when 
visiting an area.650, 651, 652 Some studies have stated that the effect of noise that 
reduces quietness depends more on for how long noise is heard (considering the 
total duration of a visit) than on the intensity of individual noise events.653, 651, 651, 654 

Furthermore, the reason for a visit, such as the level of expectations set for 
quietness before the visit, may explain more of the individual variation in 
annoyance than the intensity of noise.651 Any effects of these external deterministic 
factors should be taken into account when planning studies and analysis methods.655 
 
 
4.16 COMPLAINTS ABOUT AIRCRAFT NOISE 
 
According to current knowledge, the level (degree) of acute annoyance experienced 
personally is the main factor explaining spontaneous complaints.656, 657, 658, 659 The 
most common cause of spontaneous and high level of annoyance is an unusually 
intense or unexpected noise event. It should be remembered that the usual purpose 
of annoyance surveys is to identify long-term chronic annoyance, not temporary 
acute annoyance on which complaints are based. Individual characteristics, such as 
sensitivity to noise and attitudes towards aircraft noise and the cause of noise, often 
explain more of these both types of annoyance than the intensity and properties of 
noise. 
 
Complaint statistics indicate the number of complaints and the areas/locations 
where complaints are presented, but not the intensity of complaints. A complaint is 
a dichotomous variable. A person (or a group of people) either complaints or they 
do not complain. The noise effect that triggers a complaint, such as spontaneous 
annoyance, is usually an intensity variable with a specific magnitude or level, at 
least on a subjective scale. 
 
In a German study of the management of the effects of aircraft noise660 (N = 340), it 
was found that self-assessed level of noise explained 52% of annoyance, whereas the 
calculated (defined on the basis of a noise area map) aircraft noise level only 
explained 8%. In this study, fears of a decrease in the value of real property (the 
respondent’s house or apartment) caused by aircraft noise explained 36% of 
variation in annoyance. These results confirm the belief that fear (or knowledge) of a 
decrease in the value of real property caused by noise can be a more significant 
reason for complaints about noise (and annoyance) than the intensity of noise. The 
study did not identify why the self-assessed level of aircraft noise does not 
correspond with the calculated intensity of noise. 
 
A study of complaint statistics regarding Manchester Airport showed that the 
number of complaints per 1,000 flight operations (i.e. the probability of a complaint 
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per flight) was the highest late in the evening, and usually higher during the night 
than during the day or evening.661 The report does not indicate the level of outdoor 
noise caused by overflights or the sound insulation capacity of the building shell. 
 
A US study658 aimed to identify complaints about noise around six different 
airports. One of its goals was to identify how the number of complaints was divided 
between different households (calls of complaints placed from a specific number). 
It was found that the annual number of complaints per household typically followed 
the Zipf’s law around all six airports.662 
 
What is characteristic to complaints that follow the Zipf’s law is that large numbers 
of complaints can be attributed to a very small number of households. For example, 
if the complaints are categorised on the basis of their annual quantity, the highest 
number can be 100 complaints per household per year. This may be followed by 
households that place 10 complaints, followed by households that present five 
complaints and those that present two complaints. When the annual number of 
complaints per household is presented in a coordinate system, where the x-axis 
represents the number of complaints per household on a logarithmic scale (e.g. 1–
20 or more) and the y-axis represents the number of households with a specific 
number of complaints on a logarithmic scale, the distribution follows fairly well a 
straight line. Such statistical regularity must be based on a non-acoustic reason, i.e. 
a reason that does not depend exclusively on the intensity of aircraft noise. It is 
likely that at least some of the reasons are the same or similar to those that cause 
variations in the level of self-assessed annoyance. An analysis of the reasons for 
complaints might offer information about the variables and conditions that act as 
confounding factors regarding the annoyance response. 
 
No far-reaching conclusions about the harmful effects of noise, the sensitivity of 
people to present complaints or the relevance of complaints should be made on the 
basis of the number of complaints about aircraft noise around different airports. For 
example, there were 200,000 complaints about aircraft noise around Schiphol 
Airport in Amsterdam in 1998, presented by 12,549 people.663 More than 210,000 
complaints were presented in 2016. Of these, nearly 160,000 were presented by only 
35 people. The rest, some 58,390 complaints, were presented by 5,927 people.664  In 
2015, slightly more than 100,000 complaints about aircraft noise around Heathrow 
Airport were presented by 5,573 people. Approximately half of these complaints 
were presented by ten people.665 In 2011, some 55,400 were living in noise areas of 
LDEN ≥ 55 dB around Schiphol Airport.666 In 2011, some 766,000 were living in 
noise areas of LDEN ≥ 55 dB around Heathrow Airport.667 
 
Around Helsinki Airport, the number of annual calls of complaints about aircraft 
noise was 400–700 at the beginning of the 1990s and at the beginning of the 2000s. 
Currently, the number of annual complaints is lower. For example, Finavia received 
372 complaints about traffic noise in 2015. These were presented by 244 people. In 
2016, Finavia received 290 complaints about noise.668, 669, 670, 671 According to the 
2011 noise survey, 14,000 people were living in noise areas of LDEN ≥ 55 dB.672 In 
2015, the corresponding figure was 18,600 people.673 According to the 2017 survey, 
some 25,300 people were living in noise areas of LDEN ≥ 55 dB.674 
 
When comparing noise statistics of different airports in different countries with each 
other and with Finland, it should be remembered that the sound insulation capacity 
of the building shell differs from one country to the next. Due to these differences, 
the indoor noise caused by identical outdoor noise can be highly different. It is likely 
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that at least the probability of complaints about noise during the evening and night 
depends on the intensity of noise travelling indoors from outdoors.* 
 
Figure 31 presents the distribution of complaints and traffic volumes around 
Helsinki Airport on average in 1997 and 1998, and in 2017.669, 675 The figure shows 
that, in 1997 and 1998, the most complaints were presented in July (during summer 
holidays) when, however, the monthly traffic volume was the lowest. In 2017, more 
complaints than on average were presented in July and September. 

 
Figure 31: Helsinki Airport. Distribution of annual complaints about noise (bars, b) and 

traffic volume (curve, a) between different months. Average of 1997 and 1998. 
Prank calls placed in 1997 were not included. 2017 is the reference year.669, 675 

 
A similar peak concerning the number of complaints during the summer months was 
identified in the US when analysing complaint statistics around John F. Kennedy 
International Airport from 1959–1967676 
 
Complaints about a specific cause of noise are typically presented by “serial 
complainers”, i.e. a few people who account for the majority of all complaints. For 
example, three people presented 41% of the total of 2,072 complaints presented 
concerning Manchester Airport in 1998.677, 678, 679 Regarding Schiphol Airport, serial 
complainers are estimated to account for 10–20% of all complaints.  
 
A US publication refers the noise complaint statistics of nine airport† from 2014 or 
2015. These airports had 944,000 complaints about noise per year. The airport-
specific variation was 688–890,376. Regarding different airports, a small group of 
serial complainers‡ accounted for 42–92% of all complaints.680 
 
 
4.17 THE EFFECTS OF NOISE ON ANIMALS AND NATURE 
 
Noise effects experienced by animals are usually analysed by monitoring their 
behaviour, for example, by comparing their behaviour in different noise conditions, 
or by examining how a noise event or recurring events change behaviour or the 
prevalence of a species in a noise area. 
 

                                                      
*  The intensity of indoor noise of outdoor origin depends on weather resident/person 

exposed to noise keeps windows open or closed. In most countries, façade sound 
insulation is measured with closed windows. Some of those who are exposed to aircraft 
noise may keep their windows open or semi open during the day and night. 

†  Ronald Reagan Washington, Denver International Airport, Dulles Washington, McCarran 
Las Vegas, Los Angeles International, Portland International, Phoenix Sky Harbor 
International and Seattle-Tacoma International. 

‡ The small group consisted typically of 1–5 people at different airports. 
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The effects of noise and aircraft noise, in particular, on animals and nature have 
been studied fairly extensively, especially in the US.681, 682, 683, 684, 685, 686, 687, 688, 689, 

690, 691 Noise is usually assumed to have more effects on animals than it actually 
does in accordance with studies. However, there are still effects that have not been 
studied reliably and there are many species whose auditory perception and 
sensitivity to noise are not known, at least to the extent the effects of different 
environmental noise could be assessed reliably. Examples include the effects of 
noise on the sleep of animals and the effects or significance of sleep disturbance on 
nutrition, reproduction or other activities that are necessary for the survival of an 
individual or a species. 
 
Many studies of the effects of noise on animals are based on comparisons of the life 
and behaviour of animals living in different noise areas, such as the nesting 
frequency of birds or the number of hatchlings able to fly per nest. Results offer 
valuable information but, due to the lack of proper control areas (identical 
conditions, apart from changes in the prevalence of noise) and the lack or 
deficiency of repeated tests, the scientific relevance and representativeness of these 
results can be questioned. For example, it is impossible to carry out research (in 
practice) where an airport produces specific noise, without there being any aircraft, 
vehicles or people in the environment. 
 
Usually, noise is associated with people and other sources of noise close to animals, 
which often causes larger changes in the behaviour of animals than sound (noise). 
When being far from airports, the distance between aircraft and land (and water) 
animals is typically very high. It is probable that the effects of moving aircraft are 
very low, and that animals become habituated to distant aircraft and their noise. 
 
People tend to assume that animals can hear sounds and experience noise similarly 
to people. However, the auditory perception of animals differs from that of people 
(see Figure 32) and the function (significance) of environmental sounds is not the 
same for all animals and it is not the same as it is for people.692, 693, 694, 695 There is 
high variation in the frequency ranges that are significant for a specific species, i.e. 
the range within which noise makes communication, hunting or escaping more 
difficult. The frequency ranges of the sounds of different animals also vary greatly. 
For example, horse sounds (neighing, whinnying) are within the range of 50–100 
Hz, whereas the sounds of many bat species are within the range of more than 80–
100 kHz.696 
 
In addition, the significance of noise and environmental sounds on animals varies 
during their lives and life stages. For example, for many birds, singing and hearing 
it at a sufficient distance is a tool related to their territory. Noise (continuous noise, 
in particular) may mask sounds related to territorial maintenance, which may reduce 
the size of the territory and, therefore, make access to nutrition more difficult. In 
Finland, for example, the role of the territories of birds is the highest during the 
nesting period in early summer.697 Most of our birds migrate for winter (i.e. the 
number of species exposed to noise is lower), and winter species do not nest during 
winter. The number of insect species that live outdoors during winter is low in 
Finland. 
 
Some animal species, such as guinea pigs, rats, cats and chinchillas,698 have been 
used in animal testing to study the effects of noise on auditory perception (causes of 
hearing loss and listener fatigue). A permanent loss of hearing cannot usually be 
proven under exposure to noise where the LAeq,24h level of noise is below 75–85 dB, 
regardless of the time of exposure. Noise at a specific level has different effects on 
a temporary hearing loss and the risk of a permanent hearing loss among different 
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animals.694 Due to the lack of studies, no noise limit of a direct hearing loss risk can 
be presented for most animals, nor any dependence of a permanent or temporary 
hearing loss on the noise dose. 
 

 
Figure 32: Hearing thresholds of animals compared to the hearing threshold of people in 

accordance with the ISO 226:2000 standard and standard loudness curves. A–
A: dove, B–B: domestic canary, C–C: chick, D–D: sheep, E–E: birds on 
average, F–F: owl (scientific name not mentioned). 

 
Another negative effect caused by noise, as is often presented by researchers and in 
studies, is masking that makes communication between hatchlings and their parents 
more difficult699 or prevents it altogether (temporarily). Communication (e.g. 
warning and call signs) can be masked in part or in full (e.g. the time when, or the 
distance where, sounds can be distinguished decreases). It is known that this is 
possible but, for example, the effects of occasional aircraft noise on the survival of 
individuals and species is difficult to assess and verify. 
 
As stated above, the masking effect of identical noise differs greatly depending on 
the animal. This is also affected by the frequency range (compared with the 
intensity of noise within the same frequency range), within which communication 
takes place or information is transmitted. In addition, the functionality of the 
auditory perception of the animal being studied should be known when analysing 
the masking effect. For example, it is not known to what extent the masking 
mechanism and its dependence on the width of critical bands corresponds to the 
functioning of the human ear. When it comes to the auditory perception of insects, 
it is not even known how any masking mechanism works. 
 
Some studies have found that bird populations living in noisy areas have changed 
their singing voice, either by increasing their volume and/or by altering the 
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frequency content and time-based properties of signals.700 People also increase their 
volume under noisy conditions. It has been proposed that noise can mask new 
singing less than previous singing, i.e. it can be distinguished better and at a longer 
distance. It has been assumed that changes in singing and its content would make 
communication between different populations of a single species more difficult 
(e.g. individuals living in different locations), for example, regarding territorial 
maintenance.  
 
A study conducted around Tegel Airport in Berlin stated that birds living close to 
the airport started to sing together 5–10 minutes earlier in the morning compared 
with a quiet control area. Birds were also found to avoid singing during the day at 
times when aircraft noise was more than 78 dB.* According to the researchers, 
starting to sing earlier in the morning had a positive impact on males considering 
reproduction.701 
 
Studying the effects of noise on animals and interpreting the results of these studies 
is difficult and often time-consuming. For example, in order to study the auditory 
perception of animals and the masking effects of noise, animals must first be trained 
to react in a specific way. However, this only indicates whether or not the animal 
identifies a specific sound (either at all or distinguished from a reference sound). In 
addition, animals adapt easily to different types of noise. For example, at landfill 
sites and airports, attempts have been made to drive birds away using propane-
operated cannons. At first, the sounds of cannon shots drive birds away but, after a 
brief adaptation period, they no longer have any significant effects on behaviour 
(e.g. no interruptions in eating, except during a quick glance around).702 
 
It is known that at least mammals and birds sleep and that sleep is important to 
them, as it is to people.703, 704, 705, 690, 706 Instead, not much is known of how insects 
sleep and how much sleep they need. It seems that insects have a state similar to 
sleep. Not much is known of its effects or the effects of any sleep disturbance.707, 708, 

709, 710  
 
In Finland, there are no official guidelines that indicate what kinds of variables and 
factors (indicators, measurement methods) should be used and how to assess the 
effects of noise on animals and nature and how the severity of these effects should 
be classified.  
 
In studies, noise effects have usually been divided as follows: 
 

1. Primary, or direct, effects, such as permanent and temporary changes in 
auditory perception. These include eardrum rupture, a permanent and 
temporary hearing loss and a decrease in the separation of auditory 
information due to the masking effect of noise and its directly resulting 
effects. It should be noted that, it is characteristic to birds, that hair cells 
damaged due to noise can be replaced by new cells. This means that at least 
part of hearing loss is healed. Not much is known of the ability of insects to 
sense sound and vibration or the effects of noise on insects. It is known that 
many species at least sense the sounds and/or (mechanical) vibration of 

                                                      
*  Scientists estimate that premature singing in the morning, when there is no air traffic, or 

only little, adds to many species the time when noise does not make it difficult to form a 
song needed for pair-bonding. Even 5 minutes extension can be significant. In addition to 
attraction to pair bond, the song acts as a tool for retaining the territory. Functionality 
requires that the pair bond candidate or the offending/threatening individual distinguish 
the voice 
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their own species (e.g. the opposite gender) or predatory animals.711, 712 
Many of these sounds that are important to insects occur at high 
frequencies, i.e. they are within a frequency range where the intensity of 
regular environmental noise is usually low (e.g. jet enging noise at 15 kHz 
decreases by 150–170 dB at a distance of 0.5 km from the engine). 

 
2. Secondary effects, such as various stress reactions (e.g. increased secretion 

of stress hormones, elevated blood pressure, increased heart rate), 
behavioural changes and flight reactions, harmful effects on mating and 
reproduction, and a lower ability or possibility to find food (and drink) and 
shelter. Secondary effects are more common and easier to observe than 
primary effects. 

 
3. Tertiary effects, such as changes in the living environment causing it to be 

unsuitable for a species, a lower number of individuals per species and, as a 
possible extreme effect, the disappearance of a species from a noise area.  

 
Environmental noise can also have positive effects on individuals and species. For 
example, noise and/or events related to its production (e.g. people and machines 
moving around) may drive predatory species away from a noise area more easily 
than species that are hunted. There are also species for which a typically noisy 
urban or airport environment is more favourable, at least considering the density of 
individuals and reproduction volumes, than wilderness in natural state. However, 
there are also species for which wilderness in a natural state is the most preferred 
environment. 
 
The severity of effects caused by noise on animals has been divided into four 
categories, for example, in studies and environmental impact assessments 
conducted by the US Air Force and Army: 
 

1. Insignificant effects 
•  Noise does not affect animals or only very minor effects are 

expected, regardless of the animal species. 
•  Possible minor effects do not have any significant secondary or 

tertiary (long-term) effects on animal populations. 
 

2. Minor or low effects 
•  Noise affects non-nesting or non-breeding/feeding animals, the 

number of which is low in the area. 
•  The living area is not critical for the survival of the species, and 

similar living areas are also located outside the noise area being 
studied. 

•  The production of noise can cause random flight/fright reactions, 
without disturbing nutrition, reproduction or other activities that are 
necessary for the survival of the species. 

 
3. Moderate effects 

•  Noise affects nesting or breeding/feeding animals, the number of 
which is low in the noise area, and/or the animals are particularly 
sensitive to noise when exposed to noise, such as during migration 
or wintering. 

•  It is expected that noise causes random mortality or disturbance to 
functions that are necessary for survival. 
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•  However, mortality or disturbance does not threaten the existence 
of the species. 

 
4. Significant or high effects 

•  Noise affects nesting or breeding/feeding individuals, the number 
of which is high in the area, and/or animals that are particularly 
sensitive to noise. 

•  The species is habituated to use the particular area during the stage 
of life when they are sensitive to noise, and the animals cannot find 
a similar area with no noise effects. 

•  Noise is expected to regularly cause mortality or other severe 
disturbance, such as diseases, mental stress, reductions in 
reproduction or decelerated growth of young individuals (mainly 
due to disturbed feeding by parents). 

•  The effects endanger the survival of the species. 
 
 
The most significant effects caused by aircraft noise have been identified in areas 
involving low flying military training. In addition, helicopter operations (helicopters 
usually fly at much lower altitudes than planes) and sonic booms have been 
reported to cause more significant effects than regular air traffic.683 However, 
research results show high variation, particularly regarding different species. 
 
The effects of aircraft noise on the ground are considered to be rare and 
insignificant. Environmental impact assessment reports prepared in other countries 
have stated that people suspect that air traffic causes avalanches in mountain areas. 
 
Airfields are also seen to have positive effects on nature and the living conditions of 
animals. They also offer a favourable living environment for many species.  
 
 
4.18 REVERSIBILITY OF NOISE EFFECTS 
 
Reversibility means a process which restores itself after a change or which can be 
restored after a change. In order to assess the effects of changes in outdoor and/or 
indoor noise exposure, both increases and decreases, on different noise effects, it 
should be identified how each effect is reversible. For example, if the outdoor noise 
level first increases by Y1 dB within A1 days or years and then decreases by Y1 dB 
within A2 days or years, will the severity and statistical prevalence of the effect and 
the prevalence of new events be restored to the original level (and at what time)? In 
addition, how has the reaction sensitivity of people exposed to noise changed? Is 
the prevalence of the effect more sensitive, less sensitive or unchanged when the 
noise changes? 
 
The following question should also be asked: If noise exposure indoors first 
increases by Y1 dB due to an increase in outdoor noise and it is then lowered by Y1 
dB by improving the sound insulation capacity of the building shell, will the effects 
be restored? 
 
These questions cannot be answered so as to cover all effects. It is known that 
people exposed to noise often overreact to changes in noise levels or traffic 
volumes. For example, if noise levels or traffic volumes increase, annoyance 
typically increases to be higher than in living areas where the LAeq noise level has 
been stable. Correspondingly, if noise levels or traffic volumes decreases 
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(especially as demanded by people exposed to noise), the prevalence of the highly 
annoyed will be lower for a short period than in situations where the noise level is 
identical to the new situation but has been stable for a long period.82 
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5 SOUND INSULATION AND AIRCRAFT NOISE 
 
The sound reduction index of a building element, R [dB], is determined as a ratio 
between the sound power directed at it, P1 [W], and the transmitted (i.e. radiated) 
sound power, P2 [W], i.e. the transmission factor τ = P2 ÷ P1, 
 

2
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τ
.       (14) 

 
Powers P1 and P2 cannot be measured directly. It should be noted that, during an 
overflight, both of these vary over time and in different ways at different 
frequencies. In other words, the factor P1 ÷ P2 is not constant over time. In addition, 
the sound reduction index (R) of building elements is different at different 
frequencies. It is generally assumed that the sound reduction index of a specific 
building element or structure is a constant which is characteristic to that element or 
structure and independent of the environment. However, this is not the case. 
 
Many approximate equations have been proposed for the measurement of the sound 
power directed at and radiated by a building element, using sound pressure levels L1 
and L2 [dB] of the directed and transmitted sound. Some of these equations are 
presented below.  
 
Aircraft noise directed at buildings comes from noise sources that move in the air or 
on the ground and are small compared with the point of reception. The temporary 
intensity, incidence angle and spectrum of noise directed at a building during an 
overflight vary over time. All of these factors affect the intensity and spectrum of 
noise directed temporarily at a building. In addition, they affect the temporary 
intensity and spectrum of indoor noise. The sound reduction index (sound insulation 
capacity) of the building shell depends on the sound incidence angle.713 Due to this 
dependence on the incidence angle, the temporary value of outdoor and indoor 
noise may be the highest (e.g. the LAFmax level) at different times.714 It is probable 
that the difference in the maximum levels of outdoor noise and indoor noise during 
a fly-by/overflight differs from the difference in LAeq levels. The weighted sound 
reduction index of the building shell, R’w, differs from both of these. 
 
Usually, the source of noise, i.e. aircraft, is fairly far, at least hundreds of metres, 
from the building. The longer the distance is, the more impact weather conditions 
have on the reduction of noise by distance. Because weather conditions change, the 
reduction of noise by distance changes, and this variation affects noise caused by 
each overflight both inside and outside the building. 
 
The reflection of sound from building walls affects the sound level (L1,free) which 
would be next to and in front of the wall if there was no building. For example, 
Annex B of the ISO 1996-2:2007 standard715 presents the following assumption: 
 

63 ,1,1,1 −=−= facadenearfree LLL dB,     (15) 
 
where L1,free is the free level, i.e. the level without any reflection from the building 
wall [dB], L1,near is the level close to the wall [dB], and L1,facade is the level on the 
wall surface [dB]. The annex presents conditions for the sound source (size, 
location) and its distance to the measuring point, to which formula (15) applies. 
Many studies have shown that the validity conditions and assumptions of formula 
(15) are not universal.716,  717, 722, 718, 719, 720, 721 
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Figure 33 is an example of the measured values as a function of the incidence 
angle.722 The figure presents a comparison between a tertiary pressure level 
indicated by a microphone installed on a building surface [L1,facade in the formula 
(15)] and a value measured at the free level 8.5 m above the ground surface [not 
close to the building, L1,free in the formula (15)]. The parameter is the overflight 
angle (0° would be the direction of the wall normal). This higher the aircraft is (e.g. 
66°), the closer the sound level is to the free level value, apart from low 
frequencies. At lower frequencies, interference between the direct sound and sound 
reflected from the ground surface alter the sound pressure levels measured at the 
height of 8.5 m and on the wall surface in highly different ways. 
 

 
Figure 33: An example of the difference between aircraft noise directed at a building 

wall and the free level value of this noise over different tertiary bands. Usually, 
measurements of the sound reduction index of the building shell assume that 
the difference is 6 dB at all frequencies. Aircraft: Fokker F28 jet airliner 722 

 
The dependence of the sound reduction index on the incidence angle can be seen, 
for example, so that the sound level directed at the external wall and the prevailing 
indoor sound level, as well as the difference between these, depend on the flight 
direction in relation to the external wall. The direction can also be linked to the 
time, during which noise can be heard indoors. Both of these levels and the 
difference between them (sound reduction) depend on time and the duration of the 
measurement (integration time).723 
 
The dependence of the sound reduction index of the building shell on the incidence 
angle can also be measured reciprocally. In this case, a directionless speaker is 
located indoors. Outside, the sound produced by the speaker (reflected from the 
wall) is measured in a desired direction from the wall using a directional group of 
microphones (microphone antenna).724 
 
Figure 34 shows an example of the sound reduction index measured from four 
different walls, and the spectrum of the indoor noise level of an overflight. The 
spectra of indoor noise are A-frequency weighted. All walls have a similar wooden 
frame (and plasterboard sheets on both sides + thermal insulation in between), but 
the external lining is different (see caption).722 These are typical structures used in 
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detached and terraced houses, as well as blocks of flats of at most 3–4 storeys, in 
Canada. The purpose of the figure is to demonstrate that a) the loudness of indoor 
noise comes from low-frequency noise, and b) increasing the density of the wall 
structure improves sound insulation. Indoor noise has been defined using a 
Canadian model spectrum725, 714 for aircraft noise. 
 
Usually, the window is the weakest link in the sound insulation capacity of the 
building shell (for aircraft noise, the roof may be the weakest link when windows 
are closed). In summer, in particular, people want to keep their windows open at all 
times, and many do so, provided that this is possible due to noise and other 
environmental factors. Even a fairly small gap (20–25 mm) reduces the sound 
insulation capacity of a window by 10–15 dB.714 

 
Figure 34: An example of the sound reduction index of four different external walls and 

corresponding A-weighted tertiary spectra of aircraft noise indoors. Base wall 
(wooden structure, no external lining); EIF stucco; Cement stucco; Brick. 
OITC (outdoor-indoor transmission class) means the sound reduction index of 
the wall.722 

 
There is fairly high variation in the typical values of building shells and windows 
presented in literature. For example, a US study conducted in the 1970s reached the 
conclusion that, in warmer parts of the country (Florida), the average sound 
reduction index of windows (difference in the A-level of outdoor and indoor noise) 
was 22.4 dB. In colder parts (New York), the corresponding figure was 26.4 dB. 
Both of these figures apply to closed windows.714 
 
According to measurements carried out in conjunction with a UK study of sleep 
disorders caused by aircraft noise, the difference in the sound levels of outdoor and 
indoor noise, as an average value of nine apartments, was 32.2 dB with windows 
closed and 27.3 dB with windows open.726 In this study, it was discovered that, in 
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aircraft noise areas, the sound insulation capacity of the building shell was slightly 
better than in quieter areas.  
 
The results of projects aimed to improve the sound insulation capacity of the 
building shell afterwards have showed high variation. For example, in Missouri, the 
SEL level of indoor noise caused by overflights decreased by 4.0–8.3 dB, being 3.3 
dB on average.714 The attainable improvement depends not only on the sound 
insulation capacity of the improved building elements (e.g. windows), but also, of 
course, on the sound insulation capacity of original structures. 
 
Figure 35 shows example results of the improved sound insulation capacity of the 
building shell, presenting the distribution of one-night (night between Friday and 
Saturday) indoor noise at the LAF level before (LAeq, 22– 07h = 35.3 dB) and after (LAeq, 

22– 07h = 29.6 dB) the improvement. In both cases, the level of LAF = 45 dB was only 
exceeded rarely. Attention should be paid to changes in the shape of the 
distribution. 

 
Figure 35: An example of how the improved sound insulation capacity of the building 

shell changed the statistical distribution and LAeq, 22–07h level of night-time street 
noise at the LAF level travelling indoors from outdoors. 

 
The effects of an improved sound insulation capacity and ventilation on the level of 
indoor noise and the concentration of air pollution in apartments (N = 92) around 
Schiphol Airport were studied in the Netherlands. The improvements were not 
found to have any statistically significant effect on annoyance caused by aircraft 
noise or the concentration of air pollution measured in living rooms.727 
 
Finland’s Ministry of the Environment has published a dimensioning guide for the 
sound insulation capacity of the building shell.100 When calculating the sound 
insulation requirement, it is recommended that the same spectral components (Ctr) 
be applied to aircraft noise as those applied to road traffic noise. However, the 
spectra of aircraft noise directed at buildings may vary greatly, and differ from the 
type spectrum of road traffic noise on which Ctr is based. For example, the take-off 
and landing spectra of different planes and those of a single plane are different, at 
least to some extent.728, 729  
 
Germany uses a DIN standard for the dimensioning of the sound insulation capacity 
of the building shell.730 The EU has published a harmonised standard for this 
regarding different buildings.731 A manual for the dimensioning of the sound 
insulation capacity of the building shell has been published in Norway.732 A 
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commercial computer program has been developed in Canada to calculate the sound 
insulation capacity of the building shell against aircraft noise.733 All of the 
aforementioned methods are based on slightly different algorithms (calculation 
methods, equations). Therefore, it is possible that there are slight differences 
between the results they produce.  
 
As a preliminary part of a Dutch doctoral dissertation, it was studied how the sound 
level and spectrum of low flying aircraft differed on different sides of a building 
located by the flight route close to the end of the runway. The conclusion was that 
the design and placement of buildings can produce differences of up to 12–14 dB in 
aircraft noise directed at walls on the route (aircraft) side and the quiet side. The 
researchers proposed that a special field of “aircraft noise acoustics in urban 
environments” should be established.*, 734 
 
The intensity of noise travelling indoors from outdoors in relation to outdoor noise 
and the structure of the indoor sound field depend not only on the sound insulation 
capacity of the building shell, but also on the size, shape and reverberation of the 
room. With regard to noise to which a sleeper is exposed, the distance to the 
window (external wall) is also a decisive factor. A Swedish laboratory study735 (N = 
12) hints that the reverberation time may affect how much impact noise events have 
on sleep. According to the study, a shorter reverberation time improved the quality 
of sleep among some test subjects. The number of test subjects was very small, and 
it should also be remembered that the sleep disorder responses of sleep studies 
conducted in a laboratory are usually more sensitive than those experienced at 
home. 
 
A German study reached the conclusion that the reverberation time (0.42 seconds, 
0.12 seconds and regular bedroom) and the intensity of background noise (LAeq 24.9 
dB, 19 dB and regular bedroom) did not have any effects on the effectiveness of 
sleep (time spent in bed/total sleep time), but they did have some effects on the 
structure of sleep. The deep sleep time was the longest in a laboratory room where 
the reverberation time was 0.12 seconds and the background noise level was 19 
dB.736 
 
It is often assumed that an improved sound insulation capacity of the building shell 
reduces sleep disorders. A Japanese study reached the conclusion that the number of 
self-assessed sleep disorders did not show any significant variation in apartments 
where the sound insulation capacity was improved compared to those without any 
improvements. The residents felt that the improved sound insulation capacity did 
not reduce speech insterference caused by noise travelling indoors from 
outdoors.737, 738, 739 Generalising these results is questionable because the temporary 
outdoor noise level exceeded 110 dB for some aircraft. Even after any 
improvements in the sound insulation capacity, the noise level carried indoors from 
some aircraft is still expected to be fairly high. The reports do not indicate how 
much the sound insulation capacity was improved or what the intensity of noise 
travelling indoors from outdoors was before and after the improvements. This study 
is included here to show that it is always important to read the original publication 
in detail and identify how the results can be transferred to Finnish conditions or to 
conditions prevailing in each location. It should also be remembered that the 
intensity of outdoor noise and climate conditions have an impact on how windows 
are kept open and, in this way, on the intensity of indoor noise that affects self-
reported sleep disturbance. 

                                                      
* Urban aircraft acoustics. 
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6 DEPENDENCE OF NOISE EFFECTS ON THE 
UTILISATION RATE OF RUNWAYS AND FLIGHT 
ROUTES AND ON TRAFFIC VOLUMES ON DIFFERENT 
ROUTES 

 
6.1 VARIATION IN THE USE OF RUNWAYS AND FLIGHT ROUTES 
 
For safety reasons, planes usually take off and land against the wind. The purpose is 
to ensure that the speed of the wing is sufficiently high in relation to the 
surrounding air in the direction of progress. The higher the speed is, the higher the 
lift is. In Southern and Central Finland, wind usually blows from southwest. When 
examining the annual distribution of take-offs and landings, a single runway has 
two opposite take-off and landing directions. In terms of air traffic control, these are 
usually regarded as different runways. For example, the east and west directions of 
a runway can be called runways 09 and 27. These numbers indicate the compass 
heading (where the front of a plane points when landing and taking off) at an 
accuracy of ten degrees. For example, 09, or 90°, means east and 27, or 270°, means 
west. During east wind (wind blowing from east to west), planes take off from 
runway 09 and land on the same runway. During side wind, the air traffic control 
decides on the take-off and landing direction. Also in this case, safety comes first. 
 
Flights take off from a single airfield to several airfields located in different 
directions and flights land on a single airfield from several directions. The local 
airspace has been divided into different routes, via which planes take off and land. 
Planes taking off usually head in the direction of their destination during the take-
off, while landing planes seek the runway extension 15–25 km before the end of the 
runway. The national airspace has been divided (in airspace maps) into different 
routes between airfields that are controlled, for example, using aerial beacons and, 
currently, also using automated systems, such as GPS. An aerial beacon is a radio 
transmitter. Aircraft radio equipment takes a bearing according to these and shows 
the direction of the beacon to the pilot. 
 
Long-term statistics of wind directions are one of the factors that affect the 
operating ratios of runways and routes. Many airfields also have permanent 
instructions to limit the use of runways and routes, for example, to minimise 
harmful effects of noise. For example, the aim is to reduce flights over residential 
areas or cemeteries located close to an airfield by routing flights, always when 
possible, so that they cause as few harmful effects as possible. 
 
Routing flights to different runways and routes has become a noise control tool for 
airfields. Noise control, or rather the control of noise effects, which is the goal of 
noise control, examines how noise effects depend on the operating conditions of 
runways and routes, i.e. on how flights are divided between different runways and 
routes in terms of quantity and time. 
 
The purpose of noise control is to examine aircraft noise and its prevalence. 
For example, calculation models are used to study how the outlines of daytime and 
night-time noise areas depend on how flights are routed to different runways and 
routes. The goal is to identify the runways and routes that produce as low noise 
levels as possible or as few annual noise events as possible in areas surrounding an 
airfield where noise needs to be reduced (controlled). The resulting routes are 
entered in general flight instructions and air traffic guidelines. 
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6.2 DEPENDENCE OF NOISE EFFECTS ON VARIATION IN NOISE 

AND EXPOSURE TO NOISE ON DIFFERENT DAYS OF THE YEAR 
 
Variation in the use of runways and routes causes variation in noise on different 
days of the year. Figure 2 (on page 23) shows an example of variation in the daily 
LDEN level at a distance of 6 km from the end of a runway (at Arlanda Airport in 
Stockholm) during two years. Some of this variation results from variation in the 
number of daily flights and in types of aircraft, while some can be attributed to 
variation in the operating conditions of runways and routes.  
 
There is reason to ask to what extent do different noise effects depend on variation 
in outdoor noise in residential areas where outdoor noise changes daily as shown in 
Figure 2. People living around airports accumulate knowledge of and experience in 
noise and any variation in it. They also have expectations of future noise. Some 
residents are usually at work or somewhere else during the day, which is why they 
are not exposed to noise in their residential area during that time. The intensity of 
exposing aircraft noise is different indoors and outdoors. The personal exposure to 
aircraft noise (e.g. measured using a noise dose meter) and residents’ daily 
assessments of the intensity and properties of noise may differ significantly from 
what is shown in Figure 2. In addition, memory-based assessments of previous 
noise found to be harmful and related annoyance are usually stronger than 
assessments made during a noise event, i.e. under acute exposure.740, 741,  742, 743 

Similarly, it is common that noise from new airfields and industrial plants, and its 
effects, are assessed to be higher than assessments of identical noise and its effects 
under actual exposure.80,  744, 302 
 
Figure 36 presents links between noise effects and past, present and future exposure 
to noise. These effects are difficult to assess because there are three time-based 
components – past, present and future – and two pathways – direct and indirect. 
Past exposure has had an effect both via the direct and indirect pathway. Current 
exposure also affects via both pathways, while future exposure only affects via the 
indirect pathway. 
 
Past noise and exposure have resulted in learning, which is expressed either in the 
form of habituation or as an opposite reaction, i.e. stronger negative attitudes. 
Habituation is clearly reflected in the probability of behavioural awakenings. 
Primarily, this probability decreases.745 Learning from noise can also be seen as 
changes in habits and living conditions according to the prevailing noise conditions 
(coping response, see Figure 5 on page 29). Habituation also materialises in the 
ability to not perceive (consciously or unconsciously) sound-based stimuli and, in 
particular, in the ability to not make any comparisons with past or other 
simultaneous noise experiences.746, 325, 747 
 
In Figure 36, presence, i.e. the timespan linked to a noise event, during which an 
effect must materialise in order to be caused by that particular noise event, depends 
on the effect being studied. It is often an agreement without any express scientific 
grounds. When examining a single noise event, such as an overflight, acute effects 
must typically appear as follows:  
 
 EEG arousal: during or immediately after the noise event; a recoverable 

change of 3–15 seconds, during which EEG results resemble the state of 
wakefulness (plus usually changes, for example, in muscle tension).353, 366, 

368 
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 EEG awakening: during or immediately after the noise event; a recoverable 
change of 15–90 seconds, during which EEG results resemble the state of 
wakefulness, plus recoverable changes in muscle tension, blood pressure 
and heart rate during the timespan.353, 366, 368 

 Behavioural awakening: after some 90% of spontaneous or noise-induced 
awakenings, the person falls asleep again within 3–3.5 minutes and, after 
some 50%, the person falls asleep again within 30 seconds.390 

 Motility, i.e. movements or series of movements in the body or limbs 
caused by a noise event, is considered to be caused by a noise event if it 
occurs during the noise event or at most 30 seconds after the event (60 
seconds in some studies).748, 749  

  
 

 
 

Figure 36: A presentation of the dependence of noise effects on variation in noise and 
exposure to noise in the long term. With regard to aircraft noise, this variation 
is often caused by the dependence of the use of runways and routes on weather 
conditions and variation in them. 

 
 

Chronic effects materialise as a result of past exposure. For example, the incidence 
of cardiovascular diseases due to noise requires years of repeated and continuous 
exposure. There are no research results that show how interruptions of different 
durations (days, weeks, months) in exposure affect these risks. After a single night 
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of exposure to noise (e.g. in a laboratory), stress hormones usually return to a 
balanced state in one day, provided that there is no exposure to noise. No studies of 
the effects of aircraft noise on this (recovery) were found in the literature search. 
 
Currently, the frame of reference in surveys of annoyance is noise, exposure to 
noise and resulting annoyance during the past year. It is known that, with regard to 
traffic noise, the traffic volume (i.e. volume based on auditory and visual 
perception) has more impact on assessments than changes in the intensity of vehicle 
noise emissions resulting from a change in the same average sound level. The 
impact of this volume is particularly emphasised when assessing the harmful effects 
of noise.80 
 
 
6.3 LONG-TERM LAEQ LEVEL AS AN INDICATOR OF NOISE 

EFFECTS 
 
When the aim was to find a good and universally valid indicator of harmful effects 
of noise in the 1960s and the 1970s, when studies of the effects of aircraft noise 
often led the way, an A-frequency weighted equivalent continuous sound level 
(LAeq) was defined. (Not necessary in the English translation) At first, different 
values were used for daytime and night-time LAeq levels, as is still the custom in 
many countries, including Finland. 
 
The working group which prepared the first noise guidelines of the ICAO (Annex 
16 from 1971)750 and the working group which prepared the ISO R 1996:1971 
standard751 proposed methods that, by using different weights, could define a 
universally valid indicator of the harmful effects of noise, using a single value to 
classify the intensity of noise in terms of its harmful effects. The ICAO and ISO 
methods differed from each other, for example, with regard to different corrections. 
The current LDEN and LDN levels are based on these proposal. These methods were 
based on assumptions or interpretations that were not supported by any strong 
scientific evidence. 
 
As already presented in this report, the generally accepted long-term LAeq level, 
similarly to the full-year daytime LAeq,07–22h,year or LDEN,year level, is the best 
indication of most chronic noise effects and, in particular, the prevalence of 
annoyance. The reason for this is that most noise in a living environment, 
particularly traffic and industrial noise, is repeated nearly unchanged, at least on 
working days, in areas where most people exposed to noise live. For example, 
LDEN,year and LAeq,night,year were selected as indicators of environmental (outdoor) 
noise for the EU Environmental Noise Directive,76, 752 as it was considered that 
they are the best options to also cover noise that only occurs during some days 
and/or nights of the year. However, it is stated in Annex 3, Section 3 
“Supplementary noise indicators” that it may be advantageous to use special noise 
indicators in situations where: 
 the noise source under consideration operates only for a small proportion 

of the time (for example, less than 20% of the time over the total of the day 
periods in a year, the total of the evening periods in a year, or the total of 
the night periods in a year), 

 the average number of noise events in one or more of the periods is very 
low (for example, less than one noise event an hour; a noise event could be 
defined as a noise that lasts less than five minutes; examples are the noise 
from a passing train or a passing aircraft). 
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Let us examine how the prevalence of annoyance depends on changes in noise 
situations. Figure 37 presents how large a change would be needed in the noise 
level in a specific initial situation (x-axis), following the response curves shown in 
Figure 10, in order to halve or double the prevalence (percentage) of the highly 
annoyed (%HA). Correspondingly, Figure 33 shows what kinds of changes would 
be needed to halve or double the prevalence of the annoyed (%A). 
 

 
Figure 37: The decrease or increase in the noise level required to halve or double the 

prevalence of the highly annoyed (%HA) from a specific initial situation. For 
example, if the annual LDEN level is 56 dB, this level should be reduced by 4.5 
dB in order to halve the prevalence of the highly annoyed and increased by 8 
dB in order to double the prevalence (see lines a) and b) in the figure). 

 
If weekly noise production (LDEN,week) at an airfield is constant, closing the airfield 
for six months would reduce the LDEN,year level by 3 dB. According to Figure 37, the 
LDEN,year level should be roughly 50 dB in order to halve the prevalence of the 
highly annoyed as a result of a decrease of 3 dB in the noise level. If the initial 
level is higher, a decrease of 3 dB will not be sufficient to halve the prevalence of 
the highly annoyed. Let us assume a situation where there are only 36 flights on a 
specific route per year, and that the LDEN,year level underneath this route only 
depends on how many days the route is used per year. If the route is used on 365 
days per year, the LDEN level would increase by 10 dB. %HA will double if the 
initial level is 59 dB. If the initial level is lower, %HA will more than double. 

 
Figure 38: The decrease or increase in the noise level required to halve or double the 

prevalence of the highly annoyed from a specific initial situation. 
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7 ACCEPTABILITY OF NOISE CONTROL MEASURES 
 
The Finnish noise control policy, including grounds for setting environmental 
permit conditions (philosophy), is based on a situation where all noise control 
measures that produce an identical change in the dB value are considered to be 
equal in terms of their effects and acceptability. The national noise strategy, 
extending to 2020, of the Ministry of the Environment753, 754 is based on equality 
(non-questionable). 
 
Acceptability means the assessments, conceptions, attitudes and opinions of people 
exposed to noise and others regarding noise control measures. Acceptability can be 
measured, for example, by asking people to assess the acceptability of different 
options on a scale from 4 to 10, or by asking them to place different options in an 
order of acceptability. Furthermore, acceptability can be monitored by analysing 
how projects are discussed in the media. 
 
Experienced acceptability modifies (acts as a moderator) the effects of noise, such 
as annoyance. The less acceptable an option is, the less it reduces annoyance in 
relation to a decrease in the noise level in dB. 
 
Many factors have an impact on the acceptability of noise control measures. For 
example, the acceptability of a new flight route depends on various factors, not only 
on how the intensity of noise changes. When considering the differences and 
validity of different options, attention should be paid not only on changes in the 
noise level, but also on the acceptability of the changes and the effects of this 
acceptability on different noise effects. 
 
Laws of many countries and, for example, EU Regulation 598/2014755 require that 
people (stakeholders) must be listened to with regard to projects that have an impact 
or can have an impact on noise in the living environment (airport).756 It has been 
studied that participation reduces negativity towards projects that change noise and 
noise conditions.757, 758, 759, 760, 761 
 
Not many studies have been conducted of the acceptability of noise control 
measures or of the moderating effect of acceptability on different noise effects. 
However, this is something that needs to be taken into consideration, for example, 
by analysing how acceptability can be predicted and improved (e.g. by means of 
information that affects attitudes). For example, a study of the acceptability of 
structural noise control measures has been conducted in Switzerland.762 However, 
this study has not examined the acceptability of aircraft noise control measures.  
 
The acceptability of optional noise control measures can be studied by means of the 
willingness to pay. In other words, how much are people living in noise areas 
willing to pay, either as a lump-sum payment or a monthly charge, for improved 
noise conditions. A Swedish study of the willingness to pay stated that some people 
living around Stockholm Bromma Airport, those living both inside and outside 
noise areas, were willing to pay for improvements in noise conditions caused by 
morning and evening flights, but not for those caused by daytime flights. There are 
no night-time flights to or from Stockholm Bromma Airport.763, 764 
 
A study of how negativity towards aircraft noise and the prevalence of negativity 
could be reduced by changing people’s attitudes has been considered in the 
Netherlands. A study was published in the UK in late 2007 that identified, for 
example, the effects of attitudes and conditions on annoyance caused by aircraft 
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noise.294 As stated above, Eurocontrol has started the 5A study (Attitudes to Aircraft 
Annoyance Around Airports).214  
 
 
8 SCOPE OF INTERNATIONAL RESEARCH ON AIRCRAFT 

NOISE AND THE REPRESENTATIVENESS OF THE 
STUDIES REFERRED TO HEREIN 

 
This report mentions only some of the many international studies of aircraft noise 
and its effects. However, the aim was to refer to a representative group of all 
publications. The archives of Insinööritoimisto Kari Pesonen Oy include at least ten 
times more studies. However, most of these are brief congress publications and 
presentations. It is difficult to identify the scope of international research because, 
for example, only a few congress and training presentations and reports published 
by the authorities, research institutions and consortiums are added to commercial 
search databases. In Google Scholar765, search terms “aircraft noise” produced 
176,000 hits on 1 November 2007 and search terms “aircraft noise effect” produced 
84,600 hits. On 6 April 2017, these same search terms produced 1,420,000 and 
888,000 hits respectively. Only a small number of these are respectable scientific 
publications. 
 
Research on aircraft noise assessments, the reduction of (aircraft) noise by distance 
and long-term variation in noise has been identified and referred to fairly briefly, 
considering the extent of global publications. The main question is: What would be 
the best estimate of the intensity of noise (and how can this be assessed), on the 
basis of which people exposed to noise assess the effects of noise and which best 
indicates these effects, and how should this be assessed (calculated/measured)? 
However, the property of noise, on the basis of which people exposed to noise 
assess its effects, may not be the variable that best indicates the effects or a 
particular effect. Assessments of the intensity and properties of noise also have 
legal dimensions. Noise levels are often set out in permit conditions. However, 
there is variation in actual noise levels, and these may temporarily differ greatly 
from the values presented in noise area maps. 
 
In the 2008 version of this publication, responses to annoyance caused by aircraft 
noise, on the basis of which the response curves of the referred publications (e.g. 
Figures 10 and 11) have been defined, were mainly based on the large database of 
the TNO. This database includes, for example, results of 20 surveys of aircraft noise 
conducted in different countries, and these in turn include results given by roughly 
20,000 people.  The TNO database is apparently the largest in the world. However, 
all of these surveys are fairly old. According to information obtained, this database 
is no longer updated. 
 
This 2018 revision includes many new studies of annoyance, sleep disorders and 
health effects. This revision includes 280 publications more than the 2008 version. 
The studies referred to herein have a broad scope. One purpose of the high number 
of publications is to make it quicker and easier for the reader to find more 
information about aircraft noise and its effects. 
 
There are many environmental factors, with no reliable information about their 
effects on noise responses being available. Considering Finnish conditions, these 
factors include the effects of significant seasonal variation (affecting, for example, 
people’s habits at different times of the year), the effects of the type of housing, the 
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effects of the (high?) sound insulation capacity of the building shell, and the effects 
of the high number of holiday homes (more than 500,000 holiday homes where 
many people spend much time/weekends). 
 
For example, the sleep studies used to define the responses presented in this report 
can be considered to be comprehensive and representative. The same applies to 
these sleep studies as to annoyance studies: they have usually been conducted in 
conditions where seasonal variation and its effects on the living environment and 
people’s habits are lower than what is typical in Finland. There are many more 
individual sleep studies and research publications, laboratory studies, in particular, 
than what has been referred to herein. 
 
 
Noise effects on animals and nature have only been discussed fairly briefly. There 
are (hundreds of times) more individual studies and publications than what has been 
referred to herein. However, only a small part of them primarily concern the effects 
of aircraft noise. Then again, effects on animals are not known as extensively as 
effects on people. One of the reasons for this is that there are many animal species, 
and different species react and are exposed to noise differently from people and also 
from other species. 
 
The sound insulation capacity of the building shell against aircraft noise is an area 
where research has been divided into two. Most studies assume that statistical 
acoustics also applies to aircraft noise travelling indoors from outdoors. Only a 
small part of all publications start from theoretically correct assumptions and 
explanations. These publications have usually stated that, in individual cases, reality 
(real sound insulation, or rather, differences between outdoor and indoor sound 
levels, variation in these over time and by region, and factors on which these 
depend) can differ significantly from assumptions based on statistical acoustics. 
However, average statistical acoustics can be considered to be well suitable in terms 
of engineering and design.  
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