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General introduction

This dissertation revolves around effects of aircraft noise. Unfortunately one cannot start 

a book with an hour of sound samples - personally experiencing noise and contemplating 

on the potential explanations for annoyance has made this field all the more intriguing to 

me. Noise exposure is ubiquitous and is not likely to decrease any time soon. The resulting 

noise annoyance among the exposed public has been an important research topic for the 

last decades. The WHO (2011) claims that environmental noise is one of the main sources 

of complaints in the population, especially in densely populated areas with multiple 

transportation sources, such as road, rail and air traffic. Experts in the field state that noise 

not only gives rise to annoyance but to adverse health effects (Basner et al., 2014), such as 

cardiovascular disease (van Kempen, Casas, Pershagen, & Foraster, 2018), sleeping problems 

(Basner & McGuire, 2018), diminished performance (Szalma & Hancock, 2011) and declined 

cognitive development (Clark & Paunovic, 2018). When searching for articles on noise 

annoyance, google scholar yields more than 93,000 hits (August 2018), indicating that 

noise annoyance is a widely spread and studied problem. A better understanding of noise 

annoyance and thereby forthcoming better and more effective ways to handle and cope 

with noise would be highly beneficial for both the recipients and the producers of the noise.

Noise annoyance

  Before further discussing noise annoyance and its prevalence in certain situation, it is 

necessary to agree upon a working definition. Several definitions of annoyance have been 

proposed, of which I will mention a few, not wanting to give an exhaustive overview. For 

instance, the definition given by the WHO in the Burden of disease 1994: “a feeling of 

displeasure associated with any agent or condition, known or believed by an individual or 

group to adversely affect them”. A number of definitions have also been listed in Guski, 

Felscher-Suhr, and Schuemer (1999). In these definitions, which will be discussed below, 

annoyance is presented as 1) an emotion, 2) a result of disturbance, 3) an attitude, 4) 

knowledge, or 5) as the result of a rational decision:

Ad 1) The idea of annoyance as an emotion seems largely built on the connection 

to fear of accidents, especially for aircraft (Guski, Felscher-Suhr, & Schuemer, 1999). 

However, annoyance is widespread and is not only found for noise sources that pose a 

potential threat.

Ad 2) The definition proposing disturbance as a mediator for annoyance is based on 

the idea that a noise event interferes with an (ongoing) activity. This could be caused 

by conflict in perception-action fits between the intended action and the intruding 

noise (Guski, 1991, cited by Guski, Felscher-Suhr, & Schuemer, 1999) or could stem 

from an evolutionary response to potential danger that has to compete with the noise 

disturbance (Kalveram, 1996). 
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Ad 3) In the definition that views annoyance as an attitude, annoyance is seen as 

the consequence of a set of cognitions influencing the perception of the noise, also 

depending on the type of activity that one is involved in.

Ad 4) Noise annoyance as a knowledge-based concept seems highly connected with the 

third definition, annoyance as an attitude. The idea is largely that a specific annoyance 

rating at a given moment will be highly influenced by the general, conceptual 

knowledge of the source, for instance containing ideas on health and performance 

effects.

Ad 5) In the last definition, noise annoyance being a result of rational decisions, it is 

central to the theory of Fidell (1987, referred to by Guski et al., 1999), that with each 

exposure to noise, people will also take the mean noise load in that area, the amount of 

disturbance, and the pros and cons of intended actions into account, weighing all of the 

variables with a certain amount of annoyance as a result. Also this definition is highly 

linked to the previous two on attitudes and knowledge-based concept respectively.

  Logically, the last three definitions seem unlikely to be correct as they require a 

constant monitoring of the incoming sound and a constant decision making process to form 

opinions on the matter. When taking into account that hearing is just one of the perceptive 

systems, it seems unlikely that valuable attentional resources are spent on constant appraisal 

of irrelevant incoming information.

  While assessing the definitions above on noise annoyance, it may be interesting to 

take a step back and look at the concept of a definition itself. An interesting stance on 

definitions of problems comes from Broër (2006): definitions dictate social relationships, 

because when defining a problem, automatically the subject (the one causing the problem), 

object (the victim of the problem) and the solver of the problem are also defined. When 

looking at the definitions above, the problem of annoyance is largely seen as a problem of 

the perceiver of the noise, meaning that it could be solved by action taken by the perceiver. 

Noise research, however, focuses on noise being the problem, affecting the perceiver and his 

or her performance or effort to perform (Belojevic, Jakovljevic, & Slepcevic, 2003). Wordings 

such as ‘annoyance due to ... noise’ (Pedersen & Persson Waye, 2004; Babisch et al., 2009; 

Janssen, Vos, Eisses, & Pedersen, 2011; Kjellberg, Landström, Tesarz, Söderberg, & Åkerlund, 

1996) and ‘annoyance caused by ... noise’ (De Coensel et al., 2007; Miedema, 2007) are 

not uncommon in the field. Also, it is not uncommon that annoyed people blame their 

annoyance on the people responsible for the noise. Hence, there clearly is a discrepancy in 

the point of view about the causes of annoyance between the definitions above and the way 

that many researchers approach the problem.

  To come to a new and broader definition with more consensus within the (research) 

community, a survey was filled out by an international group of noise scientists. The 

results led to the following definition: “Noise annoyance is a psychological concept which 

Chapter 1
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describes a relation between an acoustic situation and a person who is forced by noise to do 

things he/she does not want to do, who cognitively and emotionally evaluates this situation 

and feels partly helpless” (Guski et al., 1999, p. 525). Though Guski et al. (1999) pointed 

out that had another type of expert been asked (such as people living around airports), a 

different consensus might have emerged, this definition is much broader than the ones 

discussed above, and acknowledges factors related to both noise and receiver as contributing 

to annoyance. Though not all of the previous definitions are explicitly included in this new 

and broader definition, none of them is excluded by it. In a more recent review carried out 

for the WHO by Guski, Schreckenberg, and Schuemer (2017), annoyance is said to usually 

contain the following three aspects: “(1) an often repeated disturbance due to noise (repeated 

disturbance of intended activities, e.g., communicating with other persons, listening to music 

or watching TV, reading, working, sleeping), and often combined with behavioral responses 

in order to minimize disturbances; (2) an emotional/attitudinal response (anger about the 

exposure and negative evaluation of the noise source); and (3) a cognitive response (e.g., 

the distressful insight that one cannot do much against this unwanted situation).” (Guski 

et al., 2017, p. 2). Whenever noise annoyance is discussed in this dissertation, the working 

definition used for noise annoyance is the one that is quoted above in this paragraph, 

reported in Guski et al. (2017).

Sound, noise, noise metrics and human perception

  Before further discussing noise annoyance, a brief introduction to sound and noise is 

in order. Sound is a physical phenomenon involving a source, a medium like air, water or 

a solid material, and a receiver (human ear of someone or measuring machine). The source 

moves back and forth (vibrates), thereby setting the surrounding material, such as air, into a 

similar motion. The sound energy hereby travels through the medium towards the receiver 

with the same pattern. As the pressure waves are periodic, they can be seen as a set of motion 

cycles, in which one cycle duration is called T. The frequency is defined as the amount of 

cycles per second (f = 1/T) and uses the unit Hertz (Hz) (Foreman, 1990; Moore, 2012). The 

higher the frequency of a tone, the higher the tone sounds (pitch). Not only the pitch, 

but also the intensity of the sound is very important. Noise intensity can be defined as the 

quantity of acoustical power that travels through a fixed amount of medium orthogonally 

to the direction of the wave (Foreman, 1990). So if the sound wave is moving horizontally, 

the intensity is the amount of power moving through a vertical plane of, for instance, air. Of 

course, in real life the sound will disperse when it is not blocked by objects. A logarithmic 

scale is used for sound power and sound pressure, not only because the range of possible 

values is very large, but also because sound level is perceived approximately logarithmically 

(Moore, 2012). The unit of this logarithmic scale is the decibel (dB) (Foreman, 1990).

General introduction
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Table 1.1. Sound pressure levels (SPL, dB) with everyday examples and indications 
of noisiness.

Example Sound Pressure Level SPL 
(dB)

Indication

Jet aircraft, 50 m distance 140 Intolerable

Live rock band 130

Loud car horn, 1 m distance 120 Pain threshold

Chainsaw, 1 m distance 110

Inside underground train 100 Very loud

Diesel truck, 10 m distance 90

Busy residential road 80 Loud

Vacuum cleaner, 1 m distance 70

Tv sound at home 60

Normal conversation 50 Moderate

Library 40

Quiet (bed)room 30 Faint

Background level tv/radio studio 20

Rustling leaves 10 Very faint

Hearing threshold 0

  Noise is unwanted sound (Foreman, 1990; Goines & Hagler, 2007), so it has an objective 

and subjective component; essentially it is sound with additional perceptive and (negative) 

attitudinal components to it. When speaking about environmental noise, all noise in 

communities is considered, except for noise that is produced at work (Goines & Hagler, 

2007).

  Human sound perception takes place when the sound pressure waves hit the outer 

ear and the eardrum, setting it into motion. The sound is transferred into a mechanical 

vibration when the eardrum starts moving and thereby sets three tiny hearing bones into 

motion. From there the vibrations enter the cochlea through the oval window, where the 

outer hair cells amplify or attenuate the sounds and the inner hair cells transmit the signals 

to the auditory nerve. The signal travels from the auditory nerve to the brainstem and 

auditory cortex, where the sounds are processed and the source and meaning are interpreted 

(Moore, 2012). The human ear can process frequencies in the range of 20 Hz to 20,000 Hz, 

though a range of approximately 60 Hz to 17,000 Hz may be much more common. Human 

ears are most sensitive to frequencies between 3000 to 5000 Hz (Hartmann, 1998).

Table 1.1. Sound pressure levels (SPL, dB) with everyday examples and indications of noisiness.
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  The most important factor determining noise annoyance is of course the existence of 

sound exposure itself. Without noise there will be no noise annoyance. Yet, the amount of 

variance explained by noise exposure levels alone is dramatically low, ranging from 4%-12% 

in one study (van Kamp et al., 2004), to less than 20% in another (Job, 1988), to “at best 

one third” by Guski, (1999, p. 45). Several different procedures are used to measure and 

calculate mean noise exposure levels. Lists like the one in Table 1.1 are indicative for peak 

levels of certain activities, but are not very useful in research, because also other physical 

characteristics of sounds are important for predicting noise annoyance, such as the number 

of events, the duration of the event and the potential presence of tonal components. A tonal 

component is a tone or frequency that stands out in magnitude compared to the background 

noise and is often caused by rotating parts of machines (Verhey & Heise, 2012). The specific 

noise measurement and calculation procedure that is chosen in a specific situation has a 

substantial effect on the outcome of the study. Because of the importance of understanding 

differences between measures, and choosing the right measure for each situation, the most 

commonly used ones are listed in Table 1.2. The basis for all measures in Table 1.2 is the Leq 

(in which ‘eq’ stands for equivalent continuous sound level), for which a time frame needs 

to be formulated over which the mean sound pressure level (SPL) is calculated. The most 

common specifications of Leq in noise research are Lmax, Lday, Lnight, Ldn, L24h, Lden and SEL 

(Babisch et al., 2010). Except for Lmax, which is the peak sound pressure level of a (usually) 

125 ms interval, all the L-values are mean SPLs for a specific amount of time, such as 8h, 

12h-16h, 24h, or a year. In the L-values, the letters ‘d’, ‘e’ and ‘n’ stand for day, evening and 

night respectively. When calculating Ldn, L24h, and Lden, a 5 dB penalty is assigned to evening 

exposure and a 10 dB penalty to night exposure of noise (Babisch et al., 2010). A penalty 

in this context means that extra dBs are added to the equation in the evening and night 

time, because the noise is expected to generate more annoyance and health related issues at 

these times than during daytime. The SEL is calculated by normalizing the level to 1 second, 

making this a suitable measure for comparing the total sound energy of sound events with 

different lengths (Babisch et al., 2010).

General introduction
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Table 1.2. Sound indicators with descriptions and relevant time constants. 
Reproduced from Babisch et al., (2010) with permission from Wolfgang Babisch. 
END stands for Environmental Noise Directive.

Indicator* Description Time- 
constant

Lmax Maximum sound pressure level occurring in an interval, usually the 
passage of a vehicle

125 ms **

SEL Sound exposure level = Sound pressure level over an interval 
normalised to 1 second.

1 s

Lday Average sound pressure level over 1 day. This day can be chosen so 
that it is representative of a longer period – for example, Lday occurs 
in the END; if used in that context, a yearly average daytime level is 
intended.

12 or 16 hrs

Lnight Average sound pressure level over 1 night . This night can be chosen 
so that it is representative of a longer period – for example, Lnight 
occurs in the END; if used in that context, a yearly average night 
time level is intended. This is the night time indicator defined in EU-
directive 2002/49 and used by WHO.

8 hrs

L24h Average sound pressure level over a whole day. This whole day can be 
chosen so that it is representative of a longer period.

24 hrs

Ldn Average sound pressure level over a whole day. This whole day can 
be chosen so that it is representative of a longer period. In this 
compound indicator the night value gets a penalty of 10 dB.

24 hrs

Lden Average sound pressure level over all days, evenings and nights in 
a year. In this compound indicator the evening value gets a penalty 
of 5 dB and the night value of 10 dB. This is the ‘general purpose’ 
indicator defined in the EU-directive 2002/49. 

Year

Note: * Noise levels refer to the outside façade of buildings if not otherwise specified. ** If sound level 
meter setting ‘fast’ is used, which is common.

(*) Strictly speaking, the decibel is not a unit but the logarithmic ratio of the sound pressure, in unit 
such as pascals, to a standard reference pressure in the same units.

Table 1.2. Sound indicators with descriptions and relevant time constants. Reproduced from Babisch et al., 

(2010) with permission from Wolfgang Babisch. END stands for Environmental Noise Directive.

  Not all frequencies are equally important for noise annoyance – if only because some 

fall outside of the audible range. To correct for this audible range, frequencies are weighted 

before the noise level is computed.

  In the field of noise research, two types of noise weightings are commonly used. The 

A-weighted SPL (SPL(A)) is designed to approximate the responsiveness of the human ear 

(Pearsons & Bennett, 1974) and is defined in an International Standard: IEC 61672:2003. 

Originally, it was intended for low-level pure tones (the 40 phon Fletcher-Munson curve; 

Fletcher & Munson, 1933), but it was later applied to broadband noise. Low frequency noise 

effects are less well represented in the A-weighting compared to the higher frequencies. 

Furthermore, low frequency noise often contains dominant tonal components (Salomons 

& Janssen, 2011), the combination of which may lead to considerably more annoyance 

than would be expected from the A-weighted SPL. Because of these reduced weights for 

low frequencies, some have suggested that noise annoyance researchers should change to 
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using the C-weighting instead, which is intended for significantly louder sounds (90 phon 

loudness contour) and does not underestimate low frequency noise and effects of vibration 

(Bolin, Bluhm, & Nilsson, 2014). The C-weighted SPL (SPL(C)) also has a range that covers 

the frequencies audible by the human ear, and gives more of an overall SPL for this frequency 

range (Pearsons & Bennett, 1974). It is therefore a more flat curve without diminished low 

frequencies.

  Because almost all research articles use the A-weighting, we have used the A-weighting 

for comparability reasons. More information on A-weighted sound level, loudness and 

possible corrections can be found in Salomons and Janssen (2011).

Acoustical factors explaining noise annoyance

  Every noise source generates its own unique noise. Car noise, for instance, is produced 

by a combination of sounds generated by the engine, tires, exhaust, fan and air turbulence 

(Ouis, 2001). The primary sources of aircraft noise are jet noise, fan noise, combustion noise 

and airframe noise (Arntzen, 2014) and potentially noise generated by propellers. When 

listening on the ground, also the atmospheric absorption and propagation and ground 

reflection should be taken into account. The exact combination of these sounds when it 

reaches the perceiver, is therefore dependent on the type of aircraft, on the type of ground 

and on climatological circumstances.

  Not only noise levels, but also other acoustical factors are important predictors of 

noise annoyance. Among the most important acoustical factors are tonal components. 

Tonal components are known to augment annoyance. In a study comparing different kinds 

of work places, it was found that noise annoyance was higher when one and even more 

when multiple tonal components were present, adding a penalty of approximately 6 dB 

(Landström, Åkerlund, Kjellberg, & Tesarz, 1995). Also the presence of tonal components in 

specific frequency bands led to more annoyance (Kim, Lim, Hong, & Lee, 2010; Miedema & 

Oudshoorn, 2001), especially when the tonal component is much louder (strong dominance) 

than its surrounding 1/3 octave band (Suzuki, Kono, & Sone, 1988).

  Also continuity of the noise is of influence, with less continuous noise leading to 

more annoyance. Targeting transportation noise specifically, Dornic and Laaksonen (1989) 

found that two types of intermittent noise, with 0.25 – 1.65 seconds of on/off time were 

more annoying than continuous noise. Even though time ranges for transportation noise 

are very different, it is possible that the relative continuity and intermittencies of passing 

transportation modes do influence annoyance. Unfortunately, this is a topic that has hardly 

received any attention. To the best of my knowledge, only a few studies on transportation 

noise and intermittency levels have been conducted, most of which in the 1970s and 1980s 

and focusing mainly on sleep and performance effects, and not specifically on annoyance.

General introduction
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  Diverging annoyance levels have repeatedly been found between different 

transportation noise sources even though noise exposure levels were the same. Generally, 

aircraft noise is rated most annoying with a penalty of approximately 5 – 8 dB relative to 

road traffic, which in turn is more annoying than railway noise (Kim et al., 2010; Miedema 

& Oudshoorn, 2001). This penalty implies that aircraft noise is rated as equally annoying 

as road traffic noise that is 5 dB less loud. Two possible explanations for this phenomenon 

are: on the one hand the effects of acoustical characteristics of the noise (for instance, any 

tonal components that are present) and on the other hand the identity of the noise source 

and the attitudes towards it. These explanations served as a basis for the hypotheses for the 

experiments in chapter 2.

Exposure-response relationships

  To make the transition from acoustical factors to noise annoyance, the link between 

physical characteristics with perception and personal responses needs to be made. Exposure-

response relationships inform us about the effects that a certain amount of noise exposure 

has on the population.

  Exposure-response relationships (also called dose-effect, dose-response and exposure-

effect relationships) have been formulated regularly. The most-cited and influential papers 

on exposure-response relationships are those by Miedema and Oudshoorn (2001) and 

Miedema and Vos (1998). In the 1998 paper, separate curves were generated for road, rail 

and aircraft noise, based on data of 55 datasets. In the 2001 paper, separate curves were 

fitted for each of these three transportation sources for little annoyed (LA), annoyed (A) 

and highly annoyed (HA) people, as a function of day-night levels (DNL) and day-evening-

night levels (DENL). These papers not only made clear that different sources have their own 

exposure-response relationships (as was also mentioned in the previous section: aircraft is 

most annoying, followed by railway and road traffic noise), but that also time of day should 

be taken into account.

  The fact that standardized exposure-response curves may not fit well for all datasets was 

shown by, for instance, Schreckenberg et al. in 2010. In this large survey study in the vicinity 

of Frankfurt Airport, higher annoyance rates were found than were expected. Figure 1.1  

shows data and/or curves of a number of airports collected between 1991 and 2005 (adapted 

by Schreckenberg et al., 2010, after van Kempen and van Kamp, 2005). This graph not only 

shows that annoyance curves for many airports do not comply with the standard EU-curves 

(described in the international standard: Directive 2002-49-EC, also known as the Miedema-

curves, as they are derived from the 2001 paper mentioned above), but also that there are 

large differences between airports and even between two sequential datasets collected in the 

vicinity of one and the same airport.
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Figure 1.1. Exposure-response curves for severe noise annoyance (scores were cut-off at 70-75% of the response 

scale. i.e. high annoyance (HA)). The source of this figure is Schreckenberg, Meis, Kahl, Peschel, and Eikmann 

(2010, p. 3390, figure 2) and was modified by these authors after van Kempen and van Kamp (2005, p. 25, 

figure 3b). Reproduced with permission of Dirk Schreckenberg and Irene van Kamp.

  Annoyance ratings that are higher than predicted by the EU-curves were also found in 

the HYENA study (Hypertension and Exposure to Noise near Airports). The authors mention 

that inhabitants’ attitudes towards aircraft noise have turned more negative over the years 

(Babisch et al., 2009). Brooker (2009) also stated that there is some evidence that annoyance 

levels have grown in the past years, but that statistical support for this notion was still weak. 

More profound evidence of a change (i.e. rise) in annoyance by aircraft noise was found 

in a meta-study by Janssen, Vos, van Kempen, Breugelmans, and Miedema (2011). In this 

meta-study, the database used by Miedema and Oudshoorn (2001, described above) was 

expanded with data from several more recent studies on the topic. Though an annoyance 

trend due to changes in annoyance scales could explain some variance, when the year of 

the study was entered as a factor, the trend of increasing annoyance with time was clearly 

found, at given levels of aircraft noise, indicating that the exposure-effect curves provided 

by Miedema and Oudshoorn (2001) may need to be updated. Another point made by 

Janssen et al. (2011), is that similar trends are not generally found for road traffic noise 

(for instance: Guski (2004) and Babisch et al. (2009)) although results from specific cases 

may deviate from this conclusion (as, for instance, Jakovljevic, Paunovic, and Belojevic, 

2009). Also in the latest WHO review and meta-analysis by Guski et al. (2017), the aircraft 

and railway annoyance curves were found to be considerably higher than the standard EU-

curves (Directive 2002/49/EC; Miedema & Oudshoorn, 2001).

  Some explanations for these trends may lie in methodological approaches. It was found 
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that the 11-point ICBEN scale gained in popularity at cost of the 5-point scale. The 11-point 

scale may unintentionally cause people to report higher annoyance than they would 

have reported on a 5-point scale (Janssen, Vos, van Kempen, et al., 2011). Other possible 

explanations for this trend may be found in factors like change at airports, policy and trust 

in the authorities (these factors will be introduced in more detail below).

Non-acoustic factors

 Non-acoustic factors are all factors that can explain noise annoyance to some extent 

and are not part of the noise (exposure) itself. As said before, estimations about the amount 

of variance for noise annoyance explained by acoustical factors ranges from 4% – 33% 

(Guski, 1999; Job, 1988; van Kamp et al., 2004), leaving a lot of room for improvement 

in predicting noise annoyance. Below, I will give an overview of the non-acoustic factors 

that have received most attention, such as: demographic variables, personality traits, noise 

sensitivity, attitudinal factors, trust, effects of policy, fair treatment and change, stress and 

perceived control, and fear.

Demographic variables

  Hardly any effects of demographic variables on noise annoyance have been found over 

the years. Some researchers even state that none of the demographic variables (“age, sex, 

social status, income, education, home ownership, type of dwelling, length of residence, 

or receipts of benefits from the noise source”) affect noise annoyance (Broër, 2006; Fields, 

1993). Others claim that age has a small effect: with the years, people tend to get a bit more 

annoyed (for instance: Miedema & Vos, 1999), which was later explained by van Gerven, 

Vos, van Boxtel, Martin, Janssen, and Miedema (2009). These authors investigated a large 

group of people and found an inverted U-curve between age and annoyance. The lowest 

annoyance was generally reported by the youngest and eldest people in the sample, while 

annoyance peaked around 45 years of age. The authors also indicate that the non-linear shape 

of the curve explains why age effects were generally not found in earlier studies (van Gerven 

et al., 2009). Another demographic variable that does show a relation with annoyance is 

dependency on the noise source. A dependency is present, for instance, for someone with a 

job at an airport. When people are more dependent on the source, they tend to have more 

positive attitudes and lower annoyance ratings (Miedema & Vos, 1999). Jakovljevic et al. 

(2009) also mention a higher risk for road traffic noise annoyance depending on the amount 

of time spent at home (for instance due to retirement or unemployment).
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Personality traits

  Several personality traits have been looked at, but there is not a lot of evidence that these 

affect annoyance. Most studies in this area were conducted before the year 2000 and may be 

in need for an update. Mainly extraversion and neuroticism have been studied in this context. 

No effect of extraversion was found in an interview study in Belgrade (BelojeviĆ, JakovljeviĆ, 

& AleksiĆ, 1997). Neuroticism and subjective noise sensitivity both positively correlated 

with tiredness in the morning, extraversion did not show any significant correlations. No 

relationship was found between the personality traits hostility and vulnerability for noise 

annoyance (Zijlema, Morley, Stolk, & Rosmalen, 2015). One personality trait that is a very 

good predictor for noise annoyance is noise sensitivity (Job, 1988; Miedema & Vos, 1999; 

PaunoviĆ, JakovljeviĆ, & BelojeviĆ, 2009), as will be discussed in the next paragraph.

Noise Sensitivity

  Heinonen-Guzejev (2009) wrote in her dissertation that noise sensitivity is even 

mentioned in the times of the ancient Greeks: “Persons who drink little and are over-

sensitive to noise become tremulous”, wrote Hippocrates (5th century BC). Noise sensitivity 

is considered both to be a stable personality trait (Stansfeld, 1992) and a state, because 

there are several situations in which noise sensitivity fluctuates depending on the situation 

(van Kamp & Davies, 2013), for instance during episodes of mental illness. Because noise 

sensitivity is one of the most influential predictors for noise annoyance (Job, 1988; Miedema 

& Vos, 1999; PaunoviĆ et al., 2009) and a major topic in this dissertation, an extensive 

coverage of the subject is given here, starting with details about demographics. 

  Though some studies have found women to be noise sensitive more often than men 

(Ellermeier, Eigenstetter, & Zimmer, 2001; van Kamp et al., 2004), more frequently no gender 

differences were found (Belojevic et al., 2003; Moreira & Bryan, 1972; Weinstein, 1978). 

Noise sensitivity does seem to increase with age (Stansfeld, 1992), though only in women 

according to Nivison and Endresen (1993). The effect of noise sensitivity on annoyance is 

independent of exposure levels (Babisch et al., 2009), i.e. high noise sensitive people are on 

average more annoyed than low noise sensitive people at every noise level.

  Several concepts of noise sensitivity have been formulated over the years, varying 

from a ‘sensitivity to annoyance’ (McKennell, 1963, cited by Stansfeld, 1992) to a ‘general 

susceptibility to noise’ (McKennell, 1963, cited by Stansfeld, 1992) to a definition which 

disconnects sensitivity from annoyance and that was accepted more broadly: noise 

sensitivity as a factor that described all attitudes toward noise in general (Anderson 1971, 

cited by Stansfeld, 1992). Job (1999) proposed that a definition should include “all factors 

which may make the person more vulnerable to noises in general”. Furthermore, he stresses 

that, when applying a factor analysis to noise sensitivity questionnaire results, two factors 

are present: one that is related to loud noises and another that is concerned with more 

quiet situations, such as rustling papers in a movie theater (Job, 1999). The definitions 
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by Anderson and Job have a lot of common ground, but Job also takes vulnerability into 

account. While the subdivision in two factors seems to make sense, noise sensitivity will 

mostly be a burden for people when exposed to loud noises, as they seem to be more 

dominant and difficult to shield from. Because van Kamp and Davies (2013) do not only 

take everything above into account but also acknowledge both trait and state aspects, the 

definition by van Kamp and Davies (2013, p. 2) is referred to whenever noise sensitivity is 

mentioned throughout this dissertation: “Noise sensitivity refers to the internal states (be 

they physiological, psychological and attitudinal or related to life style or activities) of any 

individual that increase their degree of reactivity to noise in general”.

 The large augmenting impact of noise sensitivity on noise annoyance is presently widely 

accepted among noise researchers (Job, 1988; Miedema & Vos, 1999; PaunoviĆ et al., 2009; 

van Kamp & Davies, 2013), although Kroesen et al. (2008) removed noise sensitivity from 

a structural equation model (SEM) intended to explain noise annoyance, because it did not 

explain additional variance in the best model. In another SEM model, Lam, Chan, Chan, Au, 

and Hui (2009) regarded noise sensitivity more as a secondary factor, increasing perceived 

noisiness and noise disturbance by road and railway noise and thereby contributing to 

annoyance.

  The augmenting effect of noise sensitivity on noise annoyance by transportation noise 

has been found repeatedly as well. In a cross-country study performed in the vicinity of the 

international airports of Amsterdam, London and Sydney it was found that noise sensitivity, 

when adjusted for confounders, enhanced the annoyance levels independent of the noise 

exposure levels. This was the case for all three of the studied airports, despite all the cultural 

and climatological differences. In a study requiring participants to report their exposure to 

transportation noise, high noise sensitive people reported more exposure than low noise 

sensitive people, independent of the actual exposure levels (Heinonen-Guzejev et al., 2000).

  The effects of noise sensitivity are not limited to transportation noise alone. In a study 

assessing annoyance in the workplace, it was estimated that the difference in annoyance 

between self-rated high and low noise sensitive people was comparable with a rise of 20 dB 

in sound level for the high sensitive group (Kjellberg et al., 1996).

Biological factors explaining noise sensitivity

  Because noise sensitivity is partly a stable trait, several studies were set up aiming to 

explain noise sensitivity and its underlying mechanisms in more detail, for instance by 

using electrophysiological measurements. In one of the earlier heart rate (HR) studies, it was 

found that HR changes between high and low noise sensitive people grow with increasing 

noise sensitivity levels (Stansfeld, 1992). In another study however, no HR and HRV (heart 

rate variability) differences were found between a high and low noise sensitive group per se, 

but interestingly, within the low noise sensitive group, both the HR and the sympathovagal 

balance (a stress measure) were higher during noise than in silence. This was not the case 
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in the high noise sensitive group (White, Hofman, & van Kamp, 2010). These results are 

very counterintuitive. Shepherd et al. (2016) found that HR deviations (unfortunately 

no direction was given) in response to pleasant stimuli became smaller, the higher the 

sensitivity levels were. No such differences were found for unpleasant stimuli, however. In 

another HRV experiment, described in the same paper by Shepherd et al. (2016), increasing 

noise sensitivity levels coincided with increasing levels of sympathetic and decreasing levels 

of parasympathetic arousal.

  Also the brain was studied in relation to noise sensitivity. Sensory gating, the 

physiological process of filtering incoming sensory information (Cromwell, Mears, Wan, & 

Boutros, 2008), was less efficient during an auditory attention task in a noise sensitive group 

compared to a noise resistant group (Shepherd et al. 2016). More information on noise 

sensitivity and a potential sensory and/or filtering deficiency is needed.

  There are also indications that noise sensitivity is associated with altered mechanisms 

of auditory processing and auditory discrimination. In a study using musical stimuli 

(piano tones), Kliuchko, Heinonen-Guzejev, Vuust, Tervaniemi, and Brattico (2016) found 

diminished mismatch negativity (MMN) amplitudes and smaller P1 components of the 

event related potentials in a high than in low noise sensitive group. As was also the case 

in Shepherd et al. (2016), these results may suggest a deficiency or attenuation of low level 

(bottom-up) auditory sensory processing and gating, as is also seen in, for instance, autistic 

children (Donkers et al., 2013). The theory behind the P1 is that it shows the efficiency 

of central gating, resulting in an inhibitory response to repetitive stimuli (gating out) and 

increased response to novel information (Boutros & Belger, 1999).

  An EEG experiment performed by White, Hofman, and van Kamp (2010) revealed 

more gamma power, indicative of high arousal, during road traffic noise in a high than in 

a low noise sensitive group. Although recent studies on noise sensitivity demonstrate some 

relationships between noise sensitivity and (neuro)physiological measures, more studies are 

needed to confirm these findings. 

  Evidence that noise sensitivity may have a genetic component was found in a twin study 

by Heinonen-Guzejev et al. (2005). Furthermore, it has been found repeatedly that noise 

sensitivity coincides with self-reported diminished health, medication use and psychological 

problems (Baliatsas, van Kamp, Swart, Hooiveld, & Yzermans, 2016; Heinonen-Guzejev et 

al., 2004; Stansfeld, Sharp, Gallacher, & Babisch, 1993). There are also indications that noise 

sensitivity is part of a more generic vulnerability (van Kamp & Davies, 2013), although 

Heinonen-Guzejev et al. (2012) found no link with chemical sensitivity.

  So what does this mean? When looking at the heart and heart rate variability, some 

results have been found indicating that noise sensitivity correlates with higher heart rates 

and stress levels, however, results are not consistent and the experiments contained both 

very different circumstances as well as participant pools. Brain activity and its relationship 

with noise sensitivity is a relatively new field and not many publications addressing this 
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topic exist at this point. The question is of course whether this is solely a matter of the 

topic needing more attention or whether a publication bias against null effect studies is also 

involved here. So far, the only steady link that has been found involving biological factors, 

is the positive relationship between noise sensitivity and health issues, medication use and 

psychological problems. More research is needed to verify if there is a solid biological base 

explaining (a part of) noise sensitivity. In this thesis an attempt was made to fill in some of 

these knowledge gaps (chapter 5).

Fear

  Both the fear of an accident concerning the sound source and the fear of health damage 

have been found to increase annoyance (Fields, 1993; Guski, 1999; Miedema & Vos, 1999). 

Pennig and Schady (2014) found evidence in their structural equation model for the notion 

that noise sensitivity may influence reactions to noise including concerns and fears. Fear 

mainly plays a role in transportation noise (primarily concerning aircraft), in which people 

are afraid of an accident or of detrimental health effects due to the noise source (Fields, 

1993; Miedema & Vos, 1999). Though this is the case for air, road and rail traffic, it seems 

that very few people suffer from severe fear for railway traffic (accidents) (Miedema & Vos, 

1999). On the contrary, Kroesen et al. (2008) did not find additional explained variance by 

fear as a factor in their structural equation model, therefore leaving it out (as they did with 

noise sensitivity as well). Fear as a variable explaining noise annoyance has received little 

attention after the nineties and may be in need of rediscovery as research topic of interest, 

for instance in relation to sensitivity and self-attributed health effects.

Trust in the authorities, policy, change and fair treatment

  The effect of trust in the authorities is seen as an attitude and also received some 

attention in annoyance models as part of perceived control models (for instance, Stallen, 

1999, based on stress effects), which will be discussed later. Guski (1999) described a case, 

where trust in the authorities played a role, in the history of Düsseldorf Airport, which used to 

belong to the county administration. After the county administration had sold it to a private 

company, which invested in the airport to increase the number of yearly flight movements, 

complaints rose higher than was to be expected when comparing Düsseldorf Airport with 

similar airports (Guski, 1999). It could however be argued that trust in the authorities may 

not have been the only issue here. It may also have been an attitudinal matter, considering 

that people used to benefit from the airport’s profits by means of infrastructure or schools 

etc..

  In another study on attitudes toward authorities, Schreckenberg et al. (2017) elegantly 

showed separate exposure-response annoyance curves for five levels (ranging from ‘not’ to 

‘very’) of the following three aspects: the perceived level of trust in authorities, the perceived 

fairness and the expectations that people had concerning air traffic. All three graphs show 
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large differences in the percentage of highly annoyed people (%HA) between the most 

negative and the most positive group. When being very negative, the same annoyance 

levels were reported at 10 dB (in case of perceived fairness) to approximately 30 dB (in case 

of expectations concerning air traffic) lower levels than when people were positive about 

these aspects. Similarly, in a railway noise study, annoyance was also higher in people who 

mistrusted the authorities, even before planned changes to railway tracks took place. In 

another study, it was found that the more people mistrusted the authorities, the higher 

was the expected annoyance after the planned rail works (Schreckenberg, Schuemer, & 

Moehler, 2001). However, no such relationship between excess responses (higher than the 

EU-curves) and trust in the authorities was found in a longitudinal study at Amsterdam 

Airport Schiphol, in which only changes at the airport could explain variance (Breugelmans 

et al., 2007).

  The perception that one is treated in a fair way has a strong link with trust in 

authorities. Once people feel that they are not treated fairly, the trust in the authorities will 

decline. People reported less annoyance during an experiment addressing fairness, when 

they could voice their preference for a certain flight procedure compared to not being asked 

their opinion at all, unrelated to the actual outcome of the flight schedule (Maris, Stallen, 

Vermunt, & Steensma, 2007). This study nicely shows how influential a non-acoustic factor 

can be on annoyance.

  A political-sociological approach to annoyance and the influence of policy was taken 

by Broër (2006). He addressed the observation that annoyance levels about aircraft noise 

have been increasing in the past 40 years from the viewpoint of the discourse resonance 

model. According to Broër, people can either agree (consonance), partly agree (dissonance) or 

disagree (autonomy) with the discourse on a topic. To see how discourse affects annoyance, 

Broër compared expressions of annoyance in, for instance, interviews, complaints and 

newspapers around two airports: Amsterdam Airport Schiphol in The Netherlands and 

Zurich Kloten in Switzerland. While the policy in The Netherlands is focused on a growth 

of flight movements in combination with alleviation of noise exposure, in Switzerland the 

focus is more on distribution of the exposure over Kantons, which are local regional areas 

around the airport. Broër (2006) found that the way that people talk about annoyance from 

aircraft is very much in line with the policy discourse where they live. People described and 

evaluated the aircraft noise in their region in terms that were used in the policy discourse of 

their country and region and used few arguments that were not in line with the dominant 

policy, whether they were in favor of aircraft movements or not. In The Netherlands, people 

complaining about aircraft noise often position themselves as victims of the airport and 

the government, while people opposing the noise in Switzerland use arguments about 

their right to local autonomy and even pose threats at politicians (Broër, 2006). So it seems 

that policy shapes the frame in which people think. This means that politicians and policy 

makers may have an even larger responsibility than they may have previously thought, not 
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only shaping policy but also shaping the framework for society to think and respond to their 

surroundings.

  Not only slow changes (increases) in annoyance over many years are observed. Higher 

annoyance ratings than would be expected from existing exposure-response relationships 

(excess responses) were found to correlate with the magnitude of a change (Brink, Wirth, 

Schierz, Thomann, & Bauer, 2008). Similarly, results of two years of measurements after a 

new runway was opened at Frankfurt airport showed that the change in noise exposure has 

resulted in increased annoyance and lower levels of subjective health-related quality of life 

(Schreckenberg, Benz, Belke, Möhler, & Guski, 2017). In a meta study, aiming to discover the 

effects of (pending) change at airports on noise annoyance, Guski (2017) selected ten studies 

based on the change rate of the studied airport. Two categories were formed (including five 

studies each): low-rate change airports, for which no signs or intentions were published of 

change that could suddenly change the amount of flights in the coming 3 years, and high-

rate change airports, which did expect abrupt changes in the number of movements in the 

next 3 years (Guski, 2017). The exposure-response curve for the 25% HA people of the high 

and low rate change airports, were found at 52.4 and 59 dB Lden respectively, indicating 

that annoyance was quite a bit higher around the high change airports (Guski, 2017). Also 

step changes, in contrast to gradual increasing numbers, tend to cause a change effect in 

annoyance that is larger than what would be expected from exposure-response curves 

(Brown & van Kamp, 2009a). Brown and van Kamp (2009b) have systematically explored 

potential explanations for the responses to change, and have tried to assay each explanation 

based on existing evidence. Adaptation and habituation effects were not convincing: 

annoyance responses in general do not decline with time. Also, little evidence was found 

for expectation effects, demand response issues for people who repeatedly participate in 

field research, memory distortion and self-selection. Though the evidence from this review 

was not pointing towards a single explanation for change effects, three possible categories 

of explanations were suggested: changes in effect modifiers for the exposure-response 

relationship (which could include attitudes towards the noise source), response scaling 

issues, and coping strategies that have not been adjusted to the new situation (Brown & van 

Kamp, 2009b).

  To summarize, studies on trust in the authorities, fair treatment and change have 

shown consistently that feelings of distrust and unfairness lead to additional annoyance, 

unrelated to the actual noise exposure. It is, however, noteworthy that few studies have 

addressed these topics. More research is needed to confirm and replicate these interesting 

findings.

Other attitudinal factors

  It does not seem unlikely that part of the variance concerning annoyance explained 

by trust in authorities and feelings of unfair treatment, boils down to (more negative) 
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attitudes about the matter. However, when reading papers on the effects of attitudes on 

noise annoyance, it is apparent straight away that there is no consensus in the field on 

the definition of an attitude. Miedema and Vos (1999) for instance, have operationalized 

attitudes into a combination of fear and noise sensitivity, which could also be seen as separate 

constructs. The widely cited article by Fields (1993) uses five attitudes: “fear of danger 

from the noise source, noise prevention beliefs, general noise sensitivity, beliefs about the 

importance of the noise source and annoyance with non-noise impacts of the noise source”. 

The definition proposed by Guski et al. (1999, p. 515) is as follows: “a consistent system 

of cognitions about a certain topic, and all cognitions share the property of evaluation: 

i.e., they contain a definitive position on the continuous scale between “good” and “bad”. 

The authors additionally stress that these attitudes do not need to be based on personal 

knowledge, but can have derived from socio-cultural influences (Guski et al., 1999). As this 

definition does not make use of descriptions that can also be seen separate factors, this is 

the working definition of attitudes that will be adapted in this dissertation from here on. 

Futhermore, the definition by Guski (1999) stays closest to a definition often used in social 

psychology: “a psychological tendency that is expressed by evaluating a particular entity 

with some degree of favor or disfavor” (Eagly & Chaiken, 1998).

  When people have the idea that the noise that they are exposed to could have been 

prevented by the people in charge, they are more annoyed by this noise. Firm evidence 

supporting this notion was found in the systematic review by Fields (1993). Additional 

findings, though less firm, showed decreased noise annoyance when the noise source was 

considered more (economically) important, and higher annoyance for higher levels of 

non-noise effects, such as air polution (Fields, 1993). In a study in which attitudes towards 

the noise source were actively manipulated, annoyance was much higher when attitudes 

were more negative (Jonsson & Sörensen, 1970). These findings were not confirmed in, for 

instance, a longitudinal Schiphol study (Breugelmans et al., 2007).

  It seems that at this moment, the research community has lost its interest in attitudinal 

factors. I think that is a shame, because if attitudes could be changed, this could possibly 

lead to a situation in which people are less annoyed. I am not saying that this would be an 

easy process, but it should be possible to some extent. To properly change attitudes, more 

research is needed to provide insights in the exact processes that are involved.

Identity

  If attitudes toward the source indeed influence annoyance, than it follows that this is 

only possible when the sound source is identifiable. A couple of studies have looked at the 

effects of (the perception of) the identity of the noise source on annoyance, by transforming 

original sound files into unrecognizable versions with the same spectral energy and energetic 

build-up. Annoyance from several short samples (a couple of seconds) of common everyday 

noises were rated as less annoying than their transformed counterparts in a laboratory 
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setting (Ellermeier, Zeitler, & Fastl, 2004; Zeitler, Ellermeier, & Fastl, 2004). Similar methods 

were used in an experiment with slightly longer noise samples (Fidell, Sneddon, Pearsons, 

& Howe, 2002), the results of which also pointed to higher annoyance by the transformed 

samples. Within the scope of this dissertation, three studies have been carried out using a 

similar approach (see chapter 2), but with considerably longer samples (45 s) of aircraft and 

road traffic noise.

Stress and perceived control

  According to van Kamp (1990), the correlation between stress and noise is mediated 

by a series of processes involving appraisal, coping and the emotional and physiological 

responses that coincide with these. According to her, a stimulus will be appraised taking 

threat and control options into account, leading to emotional and physiological responses 

whenever the situation and control options do not match. Subsequently, the individual 

will search for a coping strategy to resolve the issue, which will either lead to reduced or 

prolonged responses. Prolonged responses may in turn result in health effects, if perceived 

control and coping are not adjusted to meet the needs of the individual (van Kamp, 1990). 

Similarly, in 1999, Stallen published a stress theory which links attitudinal factors to 

biological factors. He proposed a model in which noise annoyance is treated as a specific 

kind of stress response, arguing that the nature of disliking something lies in the fact that 

the exposure to noise (in this case) blocks or hinders the attainment of something valued, 

causing irritation by not obtaining the goal and by idly putting effort into something. Here 

Stallen refers to Lazarus (1966), who proposed perceived threat and perceived control as the 

two determinants for a stress response.

  According to Lazarus (1966, referred to by Stallen, 1999), having (some) control can 

diminish a stress response, because the person is able to react and improve his or her situation 

(primary and secondary appraisal: ‘is it a threat and can I control for it?’; van Kamp, 1990). 

Therefore, high disturbance by for instance aircraft noise may not always lead to high 

annoyance, depending on the (perceived) ability to change one’s situation for the better. Also 

Stansfeld and Matheson (2003) acknowledge the importance of perceived control, referring, 

for instance, to an experiment performed by Glass and Singer (1972, cited by Stansfeld & 

Matheson, 2003) in which participants showed less reduction in task perfomance when 

given the impression that they had control over the noise exposure. A possible explanation 

for this phenomenon is that the threat of the noise and the idea of the noise (source) being 

harmful could be smaller when people perceive to be (more) in control of the noise. This 

in turn could lead to diminished stress levels and less feelings of helplessness (Stansfeld & 

Matheson, 2003). For instance, having a quiet room in one’s dwelling can be instrumental 

for feeling more in control of the noise (Gidlöf-Gunnarsson & Öhrström, 2007).
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Conclusions on non-acoustic factors

  Severel non-acoustic factors are good predictors of noise annoyance. The most 

prominent one is noise sensitivity, a factor with both trait and state characteristics. Some 

biological precursors for noise sensitivity have been found, but more results and replications 

are needed.

  The factors trust in the authorities and feelings of being treated fairly and change of 

situation effects have not received enough attention in the past years, though they do affect 

noise annoyance. Particularly interesting about these factors is the fact that the actors in 

the situation (the people producing noise or being in charge) can influence these feelings to 

some extent by means of communication.

  In his methodological paper, Lercher (1996) emphasizes that a stress model of 

annoyance alone is not enough to explain noise annoyance, because there are too many 

limitations in the research that has been done. Major limitations are that underlying causal 

mechanisms are not addressed properly, that individual differences are very substantial and 

that the field is too focused on what he calls ‘hard’ medical outcome like heart problems 

and not enough on for instance, psychological effects of noise (Lercher, 1996). It seems that 

these conclusions may apply to more than just a stress model. He furthermore proposed 

that studies should aim for the integration of “physiological, psychological and ecological 

approaches within a transactional-contextual perspective” (Lercher, 1996, p. 117). I think 

that this citation, though more than 20 years old, is still very valid and that this may be a 

way forward in the field of non-acoustic factors explaining noise annoyance.

Noise and health effects

  Predictors of noise, both acoustic and non-acoustic have been covered in this 

introduction so far. Now it is time to take the next step and look at the consequences of 

noise and noise annoyance. The most important consequences of noise are the health effects 

caused by it.

  Both auditory and non-auditory health effects are reported in the literature. While 

a lot is already known about auditory health effects (the causes of which are not usually 

transportation noise, but more often induced through social exposure, such as media players 

and music festivals, and through occupational exposure (Basner et al., 2014). Non-auditory 

health effects are sleep disturbance and sleepiness, hypertension and cardiovascular disease, 

delayed recovery in hospitals and reduced cognitive development in children (Basner et al., 

2014).

  An updated report on health effects by environmental noise by the WHO (World Health 

Organization) is currently being produced. In its predecessor dating from 2011, ‘Burden 

of disease from environmental noise’ (WHO, 2011), health effects by noise were taken 

General introduction



 34  

very seriously. To quantify effects, the WHO typically uses DALYs, which are Disability- 

Adjusted Life-Years. For the calculation of DALYs, “exposure-response relationship, exposure 

distribution, background prevalence of disease and the disability weights of the outcome” 

are taken into account, to come to the amount of healthy years that is lost. The calculations, 

made for western European states alone, look gruesome. It is estimated that each year caused 

by noise alone, 61,000 years are lost through ischemic heart disease, 903,000 years through 

sleep deprivation, 45,000 years through cognitive impairment in children, 22,000 years 

because of tinnitus and 654,000 years through noise annoyance. This means that according 

to the WHO (2011), at least one million healthy years are lost each year by noise alone. 

Below, a brief overview of the main health effects by noise is given.

Noise, hypertension and cardiovascular disease

  A vast amount of research of studies on noise and health was conducted in the field 

of hypertension and cardiovascular diseases, for instance by the HYENA consortium. A very 

extensive study in one of the work packages of this consortium focused on blood pressure 

and hypertension in people (45 – 70 years old) living close to one of six major European 

airports for at least five years (Jarup et al., 2008). Blood pressure was measured and details 

about health, diet, physical activity, socioeconomic factors and lifestyle were collected 

during home visits. Also noise exposure levels were taken into account. An increased risk 

of (developing) hypertension was found for nighttime aircraft exposure (14%) and for daily 

road traffic noise, especially for men with exposure levels higher than 65 dB (54% higher 

risk) (Jarup et al., 2008). Also as part of the HYENA studies, Babisch et al. (2013) concluded 

that, although noise level is the most important predictor, noise annoyance acted as a 

modifier in the correlation between hypertension and noise level, thereby indicating that 

personal factors may also play a role in health effects by noise.

  For a recent systematic review and meta-analysis on health outcomes, conducted as 

input for the new WHO noise guidelines, van Kempen et al. (2018) were asked to grade 

the evidence as is common for clinical trials. It has to be noted that for many of the effects 

described below, the evidence is still weak (“very low”). The authors, however, do stress 

that this does not mean that the effects found in the studies are untrue. A low rank does 

not necessarily indicate that the research quality was low, but it does point out that more 

research is needed to confirm (or contradict) the results.

  In this new WHO-review, an increased relative risk of 1.05 was found for the prevalence 

of hypertension with every 10 dB increase of noise for aircraft noise (high quality evidence), 

road traffic noise (moderate quality evidence) and rail traffic (moderate quality evidence) 

(van Kempen, Casas, Pershagen, & Foraster, 2018). Relative risks for IHD (Ischaemic 

Heart Disease) were increased for prevalence, incidence and mortality due to all modes of 

transportation noise (ranging from 1.04 – 1.24), though the quality of the evidence was 

generally ‘less good’, as stated in the latest WHO-review on the topic (van Kempen et al., 
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2018). Similar results were also found for prevalence of, incidence of and mortality by stroke 

(relative risk ranging from 0.99 – 1.14, low to moderate quality of evidence) (van Kempen et 

al., 2018).

  Looking at noise in a work setting, higher risk of hypertension was found in a Brazilian 

study among employees of a petrochemical factory (de Souza, Périssé, & Moura, 2015). The 

employees that were being exposed to 75 – 85 dB(A) or levels above 85 dB(A) had increased 

risks of 56% and 58% to develop hypertension, respectively. The authors mentioned that 

also age, gender and body mass index (BMI) were independent risk factors for developing 

high blood pressure (de Souza et al., 2015). Consistent burden of IHD was also found in an 

earlier review for sound levels starting at 60 dB (Babisch, 2006). It thus seems that increased 

risk of heart disease starts to be an issue from exposures of 50 or 60 dB and upwards. There 

are indications that there may be a positive linear relationship between long-term noise 

exposure and ischemic heart disease (Sørensen et al., 2012). In some studies only indirect 

measures are reported, such as a higher incidence of medication use for cardiovascular 

disease, for instance in an area around Amsterdam Airport Schiphol (Franssen, van Wiechen, 

Nagelkerke, & Lebret, 2004). Sex/gender differences were repeatedly found in studies 

addressing effects of noise and cardiovascular disease. The importance to take gender into 

account when analyzing data concerning cardiovascular effects and hypertension by noise, 

was stressed for instance by Eriksson, Bluhm, Hilding, Östenson, and Pershagen (2010).

  In children between 7 and 11 years old that attended schools close to public transport 

lines in Belgrade, Servia, higher systolic blood pressure was found (Paunovic, Belojevic, & 

Jakovljevic, 2013). In these schools, children showed a 1.3 mmHg increase in systolic blood 

pressure compared with children attending schools in more quiet neighbourhoods. These 

effects were independent of age, gender, BMI (Body Mass Index), lifestyle and family history 

of hypertension (Paunovic et al., 2013).

  To conclude, results clearly indicate that regular exposure to noise is associated with an 

increased risk of hypertension and IHD. Most concerning is the fact that heightened blood 

pressure levels are already found in children. More research on the long-term effects of noise 

exposure in children is necessary to understand the health consequences of long-term noise 

exposure.

Noise and sleep (disturbance)

  As noise may lead to awakenings and sleep deprivation, it is an important factor 

to consider when speaking of noise induced health effects. Unfortunately, noise is still 

(unconsciously) perceived during sleep (Muzet, 2007), so even when they are not aware 

of the noise during sleep, exposed people are not free from the effects. The current most 

recent review and meta-analysis on noise-induced sleep disturbances and their effects on 

health is performed by Basner and McGuire (2018) for the WHO. The authors concluded 

from a re-analysis that all forms of transportation noise, with noise levels starting from 
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33 – 38 dB(A) indoor, show a relationship with increased amounts of noise-induced 

awakenings or transitions toward less deep sleep. When looking at subjective sleep quality, 

most disturbances were reported for aircraft noise, followed by railway and road traffic noise 

(Basner & McGuire, 2018). Interestingly, in at least one study, sleep disturbances were not 

only related to noise exposure, but even more strongly to noise annoyance (Frei, Mohler, & 

Röösli, 2014).

  Sleep duration is probably an important mediator between noise exposure and negative 

health effects. Although there are inter-individual differences, a mean sleep duration of less 

than seven hours per night may generally lead to a cascade of effects, including diminished 

cognitive functions, negative effects on metabolic, endocrine and inflammatory processes 

(Banks & Dinges, 2007; Halperin, 2014) and mood changes (Halperin, 2014). Moreover, by 

suppressing leptin (a hormone that inhibits hunger) and increasing ghrelin levels (hormone 

that increases hunger) (Taheri, Lin, Austin, Young, & Mignot, 2004), sleep deprivation will 

lead to additional food intake with all additional consequences of weight gain and diseases 

like diabetes and other metabolic syndromes (Buxton et al., 2012). Other effects of sleep loss 

are for instance, a higher risk of developing Alzheimer’s disease (Lim, Kowgier, Yu, Buchman, 

& Bennett, 2013). By influencing the amount and the quality of sleep, noise may indirectly 

have a huge impact on health.

  Also cardiovascular responses are related to nighttime noise exposure: results from a 

review show that nighttime noise regularly leads to sleep disruptions, which in turn cause 

increased heart rate, blood pressure, levels of stress hormone and oxidative stress (Münzel, 

Gori, Babisch, & Basner, 2014). The notion that sleep disruption is a leading factor is also 

pointed out for instance in a study focusing on shift workers (not related to noise). It was 

found that misalignment of the circadian rhythm is a risk factor for hypertension and 

cardiovascular disease (Morris, Purvis, Hu, & Scheer, 2016). Being disrupted by noise several 

times a night, therefore may induce more serious cardiovascular conditions in the long 

run, such as arterial hypertension and other cardiovascular diseases (Münzel et al., 2014). 

The authors stress that they believe that noise-induced sleep loss is an important factor in 

the increasing prevalence of health effects by noise (Münzel et al., 2014). Hume, Brink, and 

Basner (2012) came to the same conclusions in their review: especially nocturnal noise may 

be an important factor in the development of cardiovascular disease, specifically for older 

adults.

  Summarizing, noise adds to the burden of disease partly through sleep deprivation and 

sleep disruptions, which in turn may negatively affect regulatory and restorative functions 

of sleep. This may lead to metabolic, endocrine, inflammatory and cardiovascular processes.

Noise, metabolic disorders and diabetes

  Recently, an interest for noise effects on metabolic processes has immerged. In a cohort 

group that had been exposed to road traffic noise for a mean of 5 years prior to the moment 
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this study was conducted, a positive linear effect was found between noise exposure, waist 

circumference and slightly higher BMI (Christensen et al., 2016). Such a linear effect was not 

found for rail traffic noise, however, higher BMI and waist circumference were found when 

exposure levels were higher than 60 dB (Christensen et al., 2016). These effects are in line 

with findings of a Swedisch cross-sectional study (Pyko et al., 2015): waist circumference was 

related to increased road traffic noise. Central obesity was also related to road traffic noise 

with noise levels of 45 dB(A) and higher, and to railway and aircraft noise exposure. For 

people exposed to all of these noise sources the risk was highest to develop central obesity 

(Pyko et al., 2015). Increased risks for obesity were also found in a Danish cohort study 

for every 10 dBs rise of road traffic noise (Sørensen et al., 2013). As also mentioned in the 

previous section, it is thought that sleep disturbance and stress may affect the regulation of 

endocrine processes, leading to more adiposity (Christensen et al., 2016).

Noise sensitivity and health complaints

  Not only noise itself, but also noise sensitivity is related to health perception and 

outcomes. For instance, noise sensitivity is negatively associated with self-rated quality of 

life (Shepherd, Welch, Dirks, & Mathews, 2010). Or in other words, people who consider 

themselves highly sensitive to noise also give lower ratings about their perceived quality 

of life. Noise annoyance appeared to be a mediator in this effect, as these associations were 

somewhat diminished after inclusion of annoyance in the model (Shepherd et al., 2010). 

Similarly, noise sensitivity was found to be positively associated with subjective health 

complaints (Fyhri & Klæboe, 2009). During the development of their structural equation 

model, the authors came to the conclusion that noise sensitivity seemed to be a direct factor 

explaining health decay and was not just a modifying factor. However, Fyhri and Klæboe 

found it even more likely that a latent variable, such as some kind of susceptibility, influences 

both health outcomes and noise sensitivity. Similar results had been found earlier as well, 

but Nivison and Endresen (1993) additionally found gender differences: a stronger positive 

relationship was present between noise sensitivity and health complaints for women than 

for men.

  Not only self-reported health complaints were found. Cardiovascular mortality was 

higher than usual among noise sensitive women. This was not the case for equally noise 

sensitive men (Heinonen-Guzejev et al., 2007).

  Summarizing, these results indicate a link between both perceived and established 

health effects and noise sensitivity independent of the noise exposure. Though there seem 

to be no gender differences in prevalence of noise sensitivity, noise sensitive women do 

seem to be more vulnerable for associated health effects than men. More studies are needed 

to confirm these findings.
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Noise, health and interventions

  In a recent systematic review for the WHO (Brown & van Kamp, 2017), health 

effects of interventions targeting transportation noise were addressed. The authors report 

that interventions that reduce the noise by a maximum of 1 or 2 dB, have not resulted 

in any observable improvement of health outcomes. In cases of a larger change through 

intervention, the outcomes for annoyance can be predicted using an exposure-response 

curve. The authors furthermore report, even though a meta-analysis was not possible, that 

health outcomes through interventions were reported by the participants for all mentioned 

sources (Brown & van Kamp, 2017).

Summary and preview

 Noise annoyance and its predictors, both acoustic and non-acoustic, and the effects of 

noise on health were the main topics in this chapter.

  The most important acoustical predictors for noise annoyance are the exposure level, 

the presence of tonal components in the noise, continuity of the noise and the noise source 

itself. Exposure-response relationships have been calculated for many different types of 

sources. Recently, an increasing number of exposure-response curves have been reported 

that do not fit the standard curves that have been defined. It seems that people show excess 

responses to noise due to various reasons around several airports. It is thought that, for 

instance, change processes, trust in the authorities and the perception of being treated fairly 

or unfairly are of influence.

  Non-acoustic factors explaining noise annoyance are for instance noise sensitivity, 

attitudes, fear, trust in the authorities, change, fair treatment, control, identity of the source 

and potential stress responses. Noise sensitivity explains most of the variance of noise 

annoyance and has received most attention in research. The aim to find a biological basis 

for noise sensitivity is a recent development in this area. The other factors have received less 

attention and some are in need of a ‘rediscovery’ by the field.

  Noise exposure does not only lead to annoyance, but may also cause a number of health 

effects, as several studies conducted in the past years have demonstrated. Hypertension 

and cardiovascular disease are the main known examples of the burden of disease by noise 

exposure. Even children that attend schools in areas with high levels of transportation noise 

were found to have raised blood pressure levels, compared to children in a control group from 

a more quiet area. Other effects, that may be interrelated with potential sleep deprivation 

due to noise, are metabolic, endocrine and inflammatory in nature. Interventions to reduce 

the noise with a few decibels have not resulted in any observable improvement of health 

outcomes.
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  The large variety of factors influencing noise annoyance inspired the request of the 

NLR for a broad approach when this PhD-project was initiated. It was therefore decided 

to address multiple factors with knowledge gaps. This has resulted in a part focusing on 

subjective responses to noise (chapters 2, 3 and 4) and a physiological part (chapters 5 

and 6). In the subjective part, the annoyance effects of factors like identifiability, tonal 

components, attitudes, the type of activity, the type of landing procedure and noise duration 

are discussed. In the physiological part, the focus is on acute physiological effects of noise 

and the role of noise sensitivity in this process.

  While field studies are far more common in the area of noise annoyance, we specifically 

decided to use a laboratory approach, to allow us to fill some knowledge gaps that cannot be 

addressed in the field. Though laboratory research has many shortcomings, generalizability 

of the results to the field being the most serious one, the main advantage is the possibility 

to draw causal conclusions. Within the broad scope of this dissertation, we therefore tried 

to find evidence for causal relationships that support or counter earlier field findings. This 

does not mean that we disregarded the circumstances in the field. Especially in the study 

described in chapter 4, we tried to come as close to a field situation as possible, using the 

NLR’s Virtual Community Noise Simulator (VCNS), allowing participants to be immersed in 

the virtual version of the location where the sound recordings were made.

Overview of empirical chapters

Part 1 – Subjective responses to noise

  Chapter 2 deals with the effects of identifiability and presence of tonal components 

on noise annoyance. To address the role of identifiability, three laboratory experiments 

were designed. In the first experiment, all participants rated their annoyance caused by four 

sound samples (at four noise levels): recordings of an overflight of an Airbus 320 (A320) type 

aircraft and of road traffic consisting of five cars and a truck passing by, and an unidentifiable 

transformed sample of both recordings, containing the same spectral energy and envelope 

as the originals. We figured that if identifiability would play a role, differences between the 

original identifiable samples and the unidentifiable transformed samples should arise. During 

the experiment, the participants listened to all of the noise samples at four A-weighted sound 

exposure levels (55, 65, 75 and 85 ASEL), while they performed a 3-back task (Kirchner, 1958), 

in order to be cognitively engaged. The second experiment was designed to determine to 

what degree the results of the first experiment could be explained by the absence of tonal 

components in the unidentifiable samples. Therefore, this experiment contained both the 

identifiable and unidentifiable A320 samples and an additional identifiable sample in which 

the most tonal components were filtered out. In the third and last experiment two separate 

groups of participants were recruited to rate the three samples used in experiment two. 
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Participants in one group were oblivious about the sound samples, while participants in 

the second group received full disclosure about the making of the transformed samples. 

This information was given in a casual way and presented as if it were not important and 

not part of the experiment. This experiment was intended to determine whether and how 

identifiability and attitudinal beliefs about the noise source interact. Though we found 

clear effects of tonal components, these did not explain all results. Interesting was that 

participants that were given no information considered the unidentifiable sample as least 

annoying, while the people in the full disclosure group considered it as the most annoying 

sample. These results indicate that both identifiability and attitudes toward the noise source 

affect noise annoyance.

  Chapter 3 is a methodological chapter that builds on chapter 2. The aim of this study 

was to see if the type of activity that participants engage in while being exposed to noise 

would have an effect on the experienced annoyance. Participants listened to two aircraft 

samples, the original A320 recording used in chapter 1 and its transformed counterpart, 

again played back at four sound exposure levels, while either being engaged in the 3-back 

task (Kirchner, 1958) or casually reading a magazine of choice without any performance 

measures (no-task condition). Though no direct effect of the type of activity was found, 

participants in the no-task condition were more easily annoyed with rising exposure 

levels, especially when listening to the transformed samples. Also order effects were found 

in this experiment. The annoyance was usually higher in the first condition that people 

experienced.

  Chapter 4 describes an experiment comparing two types of landing procedures, a 

regular procedure and a Continuous Descent Approach (CDA), using a virtual reality (VR) 

environment. Participants were asked to rate their annoyance about an Airbus 330 (A330) 

type aircraft flyover at 2000 ft. and three CDAs at respectively 3000, 4000 and 5000 ft., while 

being immersed in a rural VR environment showing a countryside road next to a canal. A 

VCNS was used in which the flyovers were both visible and audible by means of a head-

tracked visor and headphones. Unexpectedly, the CDA at 3000 ft. was found to be most 

annoying, followed by the regular descent. This could be due to the fact that a CDA flyover, 

though having a lower peak level, has a longer flyover duration than the regular descent.

 After conducting these experiments, we changed our focus to a more fundamental and 

physiological approach to noise annoyance.

Part 2 – Physiological responses to noise

  Chapter 5 describes a study looking at a possible biological/neurological basis of noise 

sensitivity. Participants were recruited based on their subjective noise sensitivity scores 

(assessed with the NSS and the NoiSeQ, developed by Weinstein (1978) and Schütte, Marks, 

Wenning, and Griefahn (2007), respectively), and passively listened to an alternative version 
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of the auditory oddball task while watching a silent film by Buster Keaton (1922). During 

the whole experiment EEG recordings were made (64 channels). Event related potentials 

(ERPs), mismatch negativity (MMN) and P3 deflections were calculated, to detect differences 

in brain responses and attention between low and high noise sensitive individuals. No 

significant results were found in this study.

  In chapter 6, heart rate and impedance measurements were taken while participants sat 

in a chair with their eyes closed (baseline), or while performing a 3-back task (Kirchner, 1958) 

with or without flyover noise by an A320 aircraft. The aim of this study was to investigate 

short-term acute effects of aircraft noise on heart rate (HR) and heart rate variability (HRV). 

The heart rates were higher and the resting state levels (activity of the parasympathetic 

nervous system) were lower during noise than in silence. When looking at differences 

between high and low noise sensitive individuals, more sensitive people were showing 

higher heart rates and higher stress levels during noise than low noise sensitive individuals. 

Noteworthy is that noise sensitive people seemed to have fairly constant physiological 

stress levels independent of the amount of noise, while the activation levels of low sensitive 

people was lower when not being exposed than during noise.
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Annoyance by transportation noise: 
The effects of source identity and 

tonal components

Chapter 2

Published as: White, K., Bronkhorst, A. W., & Meeter, M. (2017). Annoyance by transportation noise: 

The effects of source identity and tonal components. The Journal of the Acoustical Society of America, 

141(5), 3137– 3144. https://doi.org/10.1121/1.4982921
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Abstract

Aircraft noise is consistently rated as more annoying than noise from other sources 

with similar intensity. In three experiments, we investigated whether this penalty is due 

to the source identity of the noise. In the first experiment, four samples were played to 

participants engaged in a working memory task: road traffic noise, an Airbus 320 flyover, 

and unidentifiable, transformed versions of these samples containing the same spectral 

content and envelope. Original, identifiable samples were rated as more annoying than 

the transformed samples. A second experiment tested whether these results were due to 

the absence of tonal components in the transformed samples. This was partly the case: an 

additional sample, created from the A320 flyover by filtering out major tonal components, 

was rated as less annoying than the original A320 sample, but as more annoying than the 

transformed sample. In a third experiment, participants either received full disclosure of 

the generation of the samples or no information to identify the transformed samples. The 

transformed sample was rated as most annoying when the A320 identity was disclosed, but 

as least annoying when it was not. We therefore conclude that annoyance is influenced by 

both identifiability and the presence of tonal components.
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Introduction

 Noise annoyance has been related to a variety of negative responses such as stress, 

anger, cardiovascular problems, declined performance, communication issues and insomnia 

(WHO, 2011). Many national and local governments have started noise abatement 

programs to counteract noise annoyance (Ouis, 2001); however, as the number of transport 

movements will in all likelihood continue to increase in the coming decades (OECD, 

2011), annoyance by transportation noise can only be assumed to rise in the future. Noise 

annoyance is only partly related to the intensity or level of the noise. Guski (1999) estimated 

that noise characteristics explain just one third of the variance in reported noise annoyance. 

Another third of variance is attributed to personal and social factors such as noise sensitivity, 

coping capacity and trust (together usually referred to as non-acoustic factors), while the last 

third is considered as unexplained variance (Guski, 1999). One finding that demonstrates 

this fact is that similar levels of transportation noise lead to different levels of annoyance, 

depending on the noise source (Kim, Lim, Hong, & Lee, 2010; Miedema & Oudshoorn, 

2001). In particular, aircraft noise leads to a penalty of 5 – 8 dB relative to road traffic noise, 

which itself is consistently rated as more annoying than railroad noise (Kim et al., 2010; 

Miedema & Oudshoorn, 2001).

 These penalties may have two causes. First, it is possible that the public has a relatively 

negative attitude towards air traffic, leading to aircraft generating more noise annoyance. If 

so, then the identity of the noise source partially determines the experienced annoyance, 

and noise would generate more annoyance when identified as coming from aircraft than 

when it is identified as coming from some other source. Secondly, aircraft noise may contain 

specific acoustic characteristics (for instance a certain tonal component) making it more 

annoying than road traffic noise, which itself could be more annoying than railroad noise 

because of other acoustic characteristics. Indeed, tonal components have been found to 

raise annoyance at least within certain frequency bands (Landström et al., 1995; Torija, 

Ruiz, Botteldooren, & De Coensel, 2008; Vos, Geurtsen, & Houben, 2010) or when dominant 

(Suzuki et al., 1988).

 Here, we aim to pinpoint the extent to which annoyance is caused by knowledge of 

the identity of the noise source, rather than its acoustical characteristics. Three experiments 

were designed to see if original identifiable recordings of aircraft and road traffic noise led 

to more annoyance than unidentifiable sound samples with similar physical characteristics 

(identical frequency spectrum and envelope). A priori, there is little reason to assume that 

unidentifiable noise is generally less annoying than identifiable noise. Guski (1997) suggested 

that one of the main reasons for actively listening to a sound is to identify its source or the 

category to which it belongs. According to Guski, not being able to identify and hence 

explain a sound, could lead to feelings of ‘unease’ and thus to increased annoyance.

 Indeed, in an experiment by Ellermeier, Zeitler and Fastl (2004), participants rated 40 
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everyday sounds as either equally or less annoying than ‘neutralized’ versions of the same 

sounds. These neutralized sounds had the same spectral content and energetic build-up but 

were processed such that their identifiability was strongly reduced. In another experiment 

by the same authors, in which also semantic differentials were taken into account (Zeitler 

et al., 2004), these findings were replicated, with neutralized sounds being rated as more 

annoying on average than the corresponding everyday sounds. However, the sound samples 

used in these studies were all short (with durations of a couple of seconds). Slightly longer 

sound samples (8 seconds) were used by Fidell, Sneddon, Pearsons and Howe (2002), who 

conducted a similar experiment in which six commonplace sounds were processed into 

“twin-sounds” with the same mean energy, power spectrum and duration: jet engine 

aircraft take-off, propeller-driven aircraft take-off, passing of a truck, passing of a train, a 

violin cadenza and a speech sample. All processed samples were judged as more annoying 

than their unprocessed twin, indicating that meaningless, temporally unstructured sounds 

generate more annoyance at the same sound levels. Also considerable variations in the 

difference between the ratings of twin sounds were found, leading the authors to conclude 

that the primary physical characteristics of sounds are not great predictors of the annoyance 

a sound will generate. This conclusion would be in line with the first hypothesis set out 

above, namely that it is not the physical characteristics of a noise that are important for the 

generated annoyance by it, but its identity.

 Here, we first replicate the findings above with sound samples with considerable 

length, comparable with noises in real life situations. We tested whether unidentifiable, 

transformed noises would generate the same, less or more annoyance than original samples 

of air and road traffic noise. This was addressed in a laboratory setting, using headphones 

for the presentation of the stimuli thus allowing for maximum control over the noise the 

participants were submitted to. Because headphone presentation normally disrupts natural 

sound perception, binaural artificial-head recordings of the stimuli were used in order to 

provide a closer simulation of open-ear listening.

 In our first experiment, participants listened to different sound samples during a 

cognitively demanding working memory task (the 3-back task, Kirchner (1958)). We 

included this task to make sure that all participants were cognitively fully engaged and 

were less likely to focus their attention on the noise. Four types of samples were played 

twice at four different noise levels. The sample types consisted of two original, identifiable 

samples: a recording of an aircraft (A320) flyover, a recording of road traffic noise, and two 

transformed, unidentifiable samples, which were processed versions of the recordings. To 

preview our findings, the original samples led to more annoyance than their transformed 

counterparts.

 Although the transformed versions had the same overall spectral contents and 

envelope, they did not contain the tonal components present in the original recordings. 

A second experiment was carried out to investigate the role of these tonal components 
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in noise annoyance. In this experiment, we included an additional sample of the A320 

recording in which the main tonal components were filtered out. Tonal components were 

expected to have a negative effect on annoyance, but to not wholly explain the effects of 

identifiability.

 In the third experiment, two groups were exposed to the same sound samples as used in 

experiment 2. One group performed a replication of experiment 2, whereas the other group 

was briefed on how the samples had been created and that all samples had been derived from 

aircraft noise before participating. In this way, the effect of knowing the source of a sound 

could be tested more directly. Participants that were briefed on the transformation of the 

samples were expected to rate the transformed sample as more annoying than participants 

from the other group.

Experiment 1

Methods

Participants

 Forty-nine healthy volunteers participated in this study for a monetary reward or for 

course credits. One participant was excluded because of using just one of the two response 

keys during multiple consecutive task blocks (> 25% of the total response number), resulting 

in a final n of 48 (mean age = 21.9, SD = 7.0, 39 women). This study was approved by the 

local ethics and research committee, and performed in accordance with the norms of the 

Helsinki Declaration.

Stimuli

 Four 45-second noise samples were used in this experiment: two recordings of 

transportation noise and two synthesized samples. The first recording was of a flyover of a 

descending A320 (Bergmans & Bøgholm, 2008), repeated once; the second recording was of 

road traffic noise generated by 5 cars and a truck passing by Vos (2004). These recordings 

will from now on be called the original samples. Unidentifiable versions were created by 

modifying two random (white) noise signals in such a way, that their envelopes, average 

frequency spectra, and ASEL levels were identical to those of the recordings. The envelopes 

were determined by rectifying the recorded signals and then passing them through a low-

pass 3rd order Butterworth filter with a cutoff frequency of 1 Hz. The frequency spectra were 

calculated by dividing the recording in 0.1-second intervals and then averaging the absolute 

values of the FFTs of all intervals. Note that we used this method instead of an algorithm 

aimed at preserving loudness (Fastl, 2001) because our original samples are broadband, 

slowly fluctuating and already noise-like, and our focus was on minimizing identifiability. 
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a) A320 Original, Exp. 1, 2 & 3 b) A320 Transformed, Exp. 1, 2 & 3 c) A320 without major tonal 
components, Exp. 2 & 3

d) Road Traffic Original, Exp. 1 e) Road Traffic Transformed, Exp. 1

The processed, unidentifi able versions will from now on be called the transformed samples. 

Spectrograms of all samples are shown in Figure 2.1.

 All samples were made binaural by reproducing them in a semi-echoic chamber (with 

a reverberation time of about 1 s) while making recordings with a Brüel & Kjær Head And 

Torso Simulator (HATS). The loudspeaker used was a Tannoy Reveal, placed at a distance of 

3 meters from the HATS, which was equipped with two prepolarized free-fi eld 1/2” Type 

4189 microphones. In order to remove the ear-canal resonance introduced by the HATS, 

an equalization (spectral correction) was applied to the samples, which was derived from 

recordings of pink noise reproduced through Sennheiser HD600 headphones placed on 

the HATS. Level calibration was accomplished by playing the equalized binaural samples 

through the headphones and equating the measured ASEL levels to the levels obtained 

during loudspeaker presentation. The Sennheiser headphones were also used for playback of 

the samples during the experiments. 

Figure 2.1. Spectrograms showing the spectral content and Sound Pressure Level (SPL) over time for all samples 

used in Experiment 1, 2 and 3. The arrows indicate some tonal components present in the original A320(a), 

which have been fi ltered out in the sample of the A320 without major tonal components (c).

 In a pilot experiment we ensured that the original and transformed samples were indeed 

perceived as respectively identifi able and unidentifi able. In this pilot 27 participants (mean 

age = 32.4, 14 females, none of them participating in Experiments 1, 2 and 3) were asked to 

listen to one of the sound samples and name or guess its source (open question). The original 

A320 was recognized by seven out of eight participants. None out of seven participants were 

able to identify the transformed A320. Five out of fi ve participants correctly identifi ed the 
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original road traffic noise sample as such, while none out of seven participants identified the 

transformed road traffic noise.

 In the experiment, participants performed a 3-back task (Kirchner, 1958) while listening 

to the samples. The task, run on a Windows XP computer, and administered using the 

OpenSesame software package (Mathôt, Schreij, & Theeuwes, 2012), used upper and lower 

case letters, presented for 500 ms at the center of the screen. Letters that recurred after two 

intervening items represented the targets; these occurred with a probability of 25%. The 

participant had to decide within 2000 ms whether the letter was a target or not, by pushing 

one of the two response buttons (‘z’ and ‘m’). After the response period, feedback was given 

by means of a green ‘O’, when correct, or a red ‘X’, when incorrect or when no response was 

given. Once in every 5 blocks feedback on average RT and accuracy was given to motivate 

the participant to improve their performance.

Questionnaires

 A short 9-item demographics questionnaire was administered that contained questions 

about age, gender, history of ear/hearing problems, and noise levels at their dwelling. 

Participants also filled in Weinstein’s Noise Sensitivity Scale (NSS; Weinstein, 1978) and 

several other questionnaires that were part of a different study to be reported elsewhere. The 

noise sensitivity was determined so it could be controlled for if necessary.

Design and procedure

 Participants first filled in the questionnaires on demographics, and were then seated in 

a sound-insulated room. After the headphones were put on, the 3-back task was explained 

and practiced for four minutes in silence. Feedback about response times (RT) and accuracy 

was offered every minute to encourage the participants to perform better. At the end of the 

practice session, it was explained that noise was going to be played frequently during the 

task, but that the sounds would never be damaging or painful.

 The 3-back task (Kirchner, 1958) that was used, consisted of 20 blocks of 20 letters, each 

taking 45 seconds. Four blocks were performed in silence. During the remaining 16 blocks, 

the four samples were all played twice in random order at each of four possible noise levels 

(55, 65, 75 or 85 ASEL). After every block the following question about the perceived noise 

annoyance appeared on screen (in Dutch): “To what extent would the noise that you just heard 

annoy you, in case you had heard it during a longer time in for instance a garden?”. Response 

options ranged from 0 (not at all annoyed) to 9 (extremely annoyed). With this question 

we stayed as close as possible to the standardized question proposed by the International 

Committee for the Biological Effects of Noise (ICBEN; Fields et al., 2001; ISO/TS 55666:2003). 

The experiment lasted approximately one hour.

 The day after the experiment several additional questionnaires were filled in online by 

the participants, which took 45 – 50 minutes. A debriefing was sent afterwards by email.
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Results

 We first performed a repeated measures ANCOVA with sample type and noise level 

as factors, and noise sensitivity, as measured with the NSS, as the covariate. The covariate 

did not show any significant interactions with the other factors, so it was not used for 

any further analyses. A repeated measures ANOVA with the same factors was performed 

next. The Greenhouse-Geisser correction was applied in case of a violation of the sphericity 

assumption, unless Huynh-Feldt’s Epsilon was < .7. In that case we looked at the multivariate 

results of Pillai’s trace (V).

 Figure 2.2a shows rated annoyance levels for the four samples and silence. As expected, 

a main effect was found for the sample type, F(2.107, 99.034) = 12.765, p < .001, r = .34. 

Planned repeated contrasts showed that the original aircraft noise was rated as more 

annoying than the transformed aircraft, F(1,47) = 10.207, p = .002, r = .42 and the original 

road traffic noise as more annoying than the transformed road traffic noise, F(1,47) = 6.578, 

p = .014, r = .35. Pairwise comparison with Bonferroni correction indicated that the original 

aircraft noise was rated as more annoying than the original road traffic noise, p = .002.

 As shown in Figure 2.2b, annoyance increased with rising noise levels, linear contrast 

F(1,47) = 295.907, p < .001, r = .93. Sample type and noise level also interacted, F(6.779, 

318.609) = 2.405, p = .022, r = .09. The linear effect of noise level was different only between 

the original aircraft sound and its transformed version: annoyance rose more steeply with 

noise level for the transformed sample, F(1,47) = 13.688, p = .001, r = .47, with larger 

differences at low noise levels (55 ASEL) than at higher ones.

 Annoyance levels were higher during 55 ASEL samples than during silence,  

t(47) = - 7.621, p(1-tailed) < .001. As annoyance levels only rose with louder noise levels, no 

other tests of noise level vs. silence were needed.

 Because the focus of this paper is on annoyance ratings and not on cognitive performance 

– the 3-back task was primarily used to stimulate the engagement in the experiment – no 

further analyses of the task results are presented.
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Figure 2.2. Mean noise annoyance, with Standard Error of the Mean (SEM), as a function of sample types and 

silence are depicted in a and c. Sample types and silence as a function of noise level can be found in b and d. 

Panels a and b give data of Experiment 1, panels c and d of experiment 2.

Discussion

 Our data confirm earlier findings showing that annoyance increases with noise 

levels and that aircraft noise is rated as more annoying than road traffic noise before (for 

a meta study, see Miedema and Oudshoorn (2001)). More importantly, we found that the 

transformed noise samples were judged as less annoying than their original counterparts, 

in spite of the fact that the envelopes and average frequency spectra of these signals were 

exactly the same.

 Interestingly, the sample type and noise levels interacted in their effects on annoyance: 

annoyance caused by the transformed samples started at a lower level but rose more sharply 

than the annoyance caused by the original samples. This could indicate that the louder a 

sound becomes, the less the precise make-up of the sound matters.

 The results do not replicate experiments in which shorter samples were used. They 

are, however, consistent with the idea that source identity is an important variable in 

determining how annoying noise is judged to be: noise that could be recognized as coming 

from a specific source was judged as more annoying than noise of which the source was not 

recognized. This implies that the identity of aircraft noise (i.e., the fact that it is produced 

by aircraft) may be a cause of the discrepancy in annoyance between aircraft and road traffic 

noise. However, before we can confidently conclude this, one potential confound in our 
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stimuli has to be addressed. As can be seen in Figure 2.1, the original sample of the aircraft 

noise contains audible tonal components caused by the aircraft engines, which are absent 

in the transformed sample as a consequence of the signal processing that was used. Because 

the average spectrum of the original sample was used to create the transformed sample, all 

Doppler effects and other time-dependent tonal components were smoothed out. As shown 

in earlier research, tonal components, caused by for instance aircraft fans, turbine engines 

and compressors (Berckmans, Janssens, Van der Auweraer, Sas, & Desmet, 2008) in noise 

may increase perceived annoyance (Landström et al., 1995; Suzuki et al., 1988; Torija et al., 

2008; Vos et al., 2010).

Experiment 2

Methods

Participants

 Thirty-seven new participants were recruited and rewarded in the same way as described 

for Experiment 1. Two participants were excluded from the analyses because of self-reported 

hearing abnormalities. After exclusion, 35 volunteers were included in the experiment (31 

women; mean age = 22.8; SD = 7.2). This study was approved by the local ethics and research 

committee.

Stimuli

 Three 45-second noise samples were used in this experiment; two of these – the 

original A320 recording and its transformed counterpart – were the same as those used 

in Experiment 1. The third sample was a new sample in which the most prominent tonal 

components (including Doppler effects) of the original recording were removed. This was 

done by smoothing the frequency spectrum above 500 Hz in such a way that sharp peaks 

were suppressed while slow variations were preserved. To accomplish this, a 4th order low-

pass filter with a cutoff value of 1 kHz-1 was applied to the absolute values of the linear 

frequency spectrum, calculated in 1-second intervals. An overlap-add scheme was used to 

transform the recording to the frequency domain and back. To prevent spectral artifacts 

caused by phase shifts, a zero-phase filter was used, based on successive filtering in forward 

and reverse directions. Because the filter spreads the energy of the peaks over the spectrum, 

the ASEL value of the recording was not changed by the operation. The filtered sample, 

labeled ‘A320 without major tonal components’, was made binaural using the same 

procedure and equipment as described for Experiment 1. A spectrogram of this sample can 

be found in Figure 2.1c.
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 A new group of 19 participants (11 women, mean age = 35.6) was asked to name or 

guess the source of this sample to see whether it was recognizable/identifiable despite the 

lack of the major tonal components. The source was correctly named by 84% (16 out of 19) 

of the participants.

 

Design and procedure

 The design and procedure of Experiment 2 were largely the same as those of Experiment 

1. Participants first filled in the 9-item questionnaire and the NSS. During the experiment, 

continuous working memory performance was again measured using the 3-back task 

(Kirchner, 1958), with 20 letters presented per block. Participants listened to each of the 

three samples twice at four possible noise levels (55, 65, 75 or 85 ASEL), which resulted in 16 

blocks, including four ‘silence’ blocks during which no sample was played. After every block 

the same question about the perceived noise annoyance was asked as in Experiment 1.

Results

 Again, noise sensitivity was not a significant covariate in an ANCOVA with sample 

type and noise level as factors, and was therefore not included in our main analyses. A 

repeated-measures ANOVA with the same factors revealed a main effect of sample type, 

V = .185, F(2,33) = 3.751, p = .034, r = .32 (see Figure 2.2c). Pairwise comparisons, with 

Bonferroni correction, demonstrated that the main finding of Experiment 1 was replicated: 

the original aircraft noise caused more annoyance than its transformed counterpart (p = 

.027). The original A320 also turned out to be more annoying than the A320 sample without 

major tonal components, simple contrast: F(1,34) = 4.547, p = .040, r = .34, and the A320 

sample without major tonal components was rated as more annoying than the transformed 

sample: F(1,34) = 4.958, p = .033, r = .36.

 As in the first experiment, annoyance increased with noise levels, V = 0.915, F(3,32) = 

115.531, p < .001, r = .88, linear contrast: F(1,34) = 296.702, p < .001, r = .95 (see Figure 2.2d). 

No interaction was found between sample type and noise level on noise annoyance: F(4.267, 

145.068) = 0.994, p = .416, r = .08. Silence was again rated as less annoying than samples at 

55 ASEL, t(34) = -10.330, p(1-tailed) < .001.

Discussion

 The finding that the original, identifiable samples are rated as more annoying was 

replicated in this experiment. Moreover, the sample without major tonal components was 

considered less annoying than the original sample, but more annoying than the transformed, 

unidentifiable sample. These results indicate that tonal components did contribute to the 

annoyance elicited by the original aircraft noise.
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 However, since the sample without tonal components was still rated as more annoying 

than the transformed sample, the results of Experiment 2 leave open the option that 

identifiability of the source plays a role, additional to that of tonal components, in the 

generation of noise annoyance. We therefore decided to perform a third experiment, in 

which the role of identifiability was tested in a different way. If the identity of the source 

plays a role in generating annoyance, it would follow that identifying noise as coming 

from a particular source would alter the annoyance it generates. In particular, if we inform 

participants that the transformed noise is actually derived from aircraft noise, this should 

make the annoyance it creates more similar to that of the original aircraft sample. We 

tested this prediction in a third experiment with two groups. One group of participants 

was informed about the way that the transformed sample and the sample without major 

tonal components were manufactured; the other group was not – this group performed a 

replication of Experiment 2. If identifiability indeed played a role in the generation of noise 

annoyance, than we would expect the group that was briefed about the derivation of the 

transformed sample to show higher annoyance levels for this sample than the group that 

had not been briefed about it.

Experiment 3

Methods

Participants

 The participants (n = 69, 1 no show, 55 females, mean age = 20.6; SD = 2.4) were 

recruited and rewarded as described for Experiment 1. None of them participated in any of 

the previous experiments. This experiment was approved by the local ethics and research 

committee.

Design and procedure

 For this experiment two groups of participants were formed. The methods and 

procedure for the first group (n = 34) were the same as described for Experiment 2. From 

now on this group will be called the ‘uninformed’ group. Participants in the second group 

(n = 35) performed the same experiment, but received a different instruction beforehand. 

It was explained to them that all sound samples, identifiable or not, derived from an A320 

aircraft. They were informed about this information in a casual way, as if it were just a little 

more background information, but not something vital for the experiment. From now on 

this group will be called the ‘informed’ group.

Effects of source identity and tonal components



 58  

8

7

6

5

4

3

2

1

0

M
ea

n
 N

o
is

e 
A

n
n

o
y
a
n

ce

Silence 55 65 75 85 55 65 75 85 55 65 75 85

Mean Noise Level (ASEL)

A320 Original A320 Transformed A320 Without Major
Tonal Components

Uninformed

Informed

Results

 We did not control for noise sensitivity because again it was not a significant covariate. 

Annoyance increased as a function of noise level (see Figure 2.3), linear contrast: F(1,67) = 

285.864, p < .001, r = .90. As in Experiment 2, a significant difference was found between 

annoyance ratings for original A320 noise and A320 noise without major tonal components, 

F(1,67) = 11.119, p = .021, r = .38. Mean ratings for the original and transformed A320 

samples, however, did not differ significantly, simple contrast: F(1,67) = 4.688, p = .335, r = 

.26. (see Figure 2.3). The analysis did reveal an interaction between sample type and group: 

the uninformed group rated less annoyance for the transformed sample compared to the 

original one, while ratings remained fairly similar for the informed group, simple contrast: 

F(1,67) = 4.514, p = .037, r = .25 (see Figure 2.3). The difference between annoyance ratings 

for the original sample and the sample without tonal components did not interact with 

participant group: simple contrast: F(1,67) = 1.403, p = .240, r = .14. The interaction indicates 

that informing participants about the source specifically altered the annoyance caused by 

the transformed sound sample.

Figure 2.3. Mean noise annoyance, with Standard Error of the Mean (SEM), as a function of sample type, 

condition and noise level.

Discussion

 Results partly replicated those of Experiment 2: a similar increase of annoyance as 

a function of noise level was found and annoyance was lower for the sample without 

major tonal components than for the original aircraft sample. Sample type interacted with 

participant group: the informed group showed to be most annoyed by the transformed 

sample, while the uninformed group rated this sample as least annoying. This supports our 

hypothesis that identifiability is a causal factor explaining noise annoyance, independent of 

the effects of tonal components.
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General discussion and conclusions

 Aircraft noise is considered to be more annoying than road traffic noise at the same 

noise levels (Kim et al., 2010; Miedema & Oudshoorn, 2001; Yano, Sato, & Morihara, 2007). 

Here, we investigated whether this penalty is due to its identity as aircraft noise, or to 

acoustical characteristics. The first possibility would suggest that the source of a sound is 

an important factor in determining the annoyance caused by it, the second that it is not. 

Our results suggest that both the identity of the sound and its acoustic characteristics play 

a role in the annoyance it creates. In Experiment 1, we found that the original, identifiable 

samples of both aircraft and road traffic noise were found to be more annoying than their 

transformed, unidentifiable counterparts. With Experiment 2 we aimed to investigate to 

what degree differences in annoyance between the original and the transformed samples 

were caused by the lack of tonal components in the previous experiment. In particular 

the turbine noise and the Doppler shifts occurring during the aircraft passage could have 

led to increased annoyance. With the aircraft sample without major tonal components, an 

identifiable sample was introduced that kept its perceived identity, but did not introduce 

a potential confound. This new sample turned out to be less annoying than the original 

sample with tonal components, which confirmed that tonal components do make a 

significant contribution to annoyance. This finding is in accordance with earlier studies 

(Landström et al., 1995; Suzuki et al., 1988; Torija et al., 2008; Vos et al., 2010). Finally, in 

Experiment 3 we tested whether changing the interpretation of the altered sample would 

change the annoyance caused by it. When offered a full explanation of the generation of 

the samples, participants found the transformed sample most annoying while the same 

sample was rated as least annoying in the two previous experiments and by the uninformed 

group in the last experiment. Thus, information about the origin of a sound affects the 

experienced annoyance.

 Although the negative influence of tonal components on noise annoyance is 

well established, little is known about how annoyance is related to the spectrotemporal 

characteristics of these components. Indications are provided by studies using related 

measures, such as sound quality and loudness. Berckmans et al. (2008) conducted a study 

in which they collected sound quality judgments of 17 recordings of aircraft take-offs and 

15 recordings of aircraft approaches. These noises varied widely with respect to the relative 

level, frequencies and temporal characteristics of the tonal components. The results indicate 

that sound quality decreases when loud tonal components are present, in particular when 

they have frequencies above 4000 Hz, and also when they are temporally modulated (e.g. 

contain “buzz-saw” components). To complicate matters further, there are indications that 

the contribution of tonal components also depends on the temporal characteristics of the 

noise. Verhey and Heise (2012) performed an experiment in which listeners were presented 

with steady-state or temporally modulated noise containing a tonal component. They were 
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asked to rate both the tonal content of the sound and the partial loudness of the tone. 

Results showed that these measures were highly correlated and dependent on the noise 

signal. The ratings for the modulated noise were higher and increased more steeply as a 

function of the tone level, than those for the steady state noise. This suggests that low-

level tonal components will have a stronger effect on annoyance in fluctuating noise than 

in steady-state noise. In our experiments, tonal components were present in the original 

unprocessed A320 sample in particular. While this noise is only slowly fluctuating, it 

contains several prominent tonal components with frequencies above 4000 Hz (see Figure 

2.1). This may explain why this sample was rated as more annoying than the sample where 

these high-frequency components had been filtered out.

 Intriguingly, the result, replicated three times, that our transformed noise samples were 

less annoying than the identifiable ones, is at odds with earlier findings by Ellermeier et 

al. (2004), Fidell et al. (2002) and Zeitler et al. (2004), who reported more annoyance for 

unidentifiable compared to identifiable sound samples. The samples used for the latter two 

articles were, however, everyday noises (e.g. a bouncing coin, a toilet flushing and sound from 

a coffee maker). These may be appraised more positively by listeners than the transportation 

noise samples used in the present study. Another explanation could be that their samples 

were relatively short compared to ours – which means that their unrecognizable, neutralized 

noise samples were as well. This was also the case, but less so for Fidell et al. (2002), who used 

samples of 8 seconds. In their experiment, several transportation noises have been used as 

well. It is possible that short outbursts of unrecognizable sounds or pink noise are perceived 

as more annoying or threatening than the original sounds itself. In our experiments, 

when asked to name a potential source for the unidentifiable samples, wind and sea were 

mentioned several times - although participants were generally not certain. Participants 

may have rated the unidentifiable samples as less annoying because they prefer wind and 

sea noise to aircraft and road traffic noise. This notion is consistent with the results of 

Experiment 3, that the transformed sample was rated as more annoying than the original 

sample when people were aware that it originated from aircraft noise.

 Why would identification of the transformed sample affect its annoyance ratings? A 

possibility is that the attitude of participants towards air traffic is negative, and that these 

negative ratings result in an upward bias in annoyance ratings. Alternatively, it may be that 

some less cognitive appraisal, for example an emotional one, creates stronger annoyance for 

air traffic noise than for other noise sources.

 Another explanation of the differences in our first and second experiment between 

annoyance caused by recognizable versus unrecognizable sounds, is based on the subjective 

nature of annoyance and feelings of “blame and claim”, as Stallen (1999) describes it. 

Aircraft noise is noise that can be prevented if the responsible people decide so (e.g., by 

limiting air traffic or by rerouting aircraft). Hence, the listener is a victim of someone else’s 

decisions. In line with the model by Stallen (1999), it could be expected that nature sounds 
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such as wind or sea, which cannot be prevented and/or changed, do not lead to annoyance 

as there is no one to direct annoyance and anger at. That does not mean that these sources 

do not create disturbances, but it could mean that disturbances by these sources may lead 

to less annoyance and are sooner accepted as a mere fact of life. This is also in accordance 

with Maris et al. (2007), who consider noise annoyance to be a social problem: not agreeing 

with or distrusting the management of a noise producing instance can lead to feelings of 

disturbance and lack of control, which in turn can lead to annoyance and psychological 

stress. This mechanism may explain the results of our third experiment. The uninformed 

group could perceive the samples as unintentional, undirected potential nature sounds for 

which no one is to blame. The informed group, by being aware of the sound source, could 

have experienced these ‘unrecognizable’ samples as being intentional noise disturbances, 

which therefore led to increased annoyance.

 In sum, our findings show that tonal components and noise source identity are both 

factors influencing noise annoyance caused by aircraft noise. In other words, aircraft noise 

carries an annoyance penalty partly because it is noise generated by aircraft.
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Abstract

Previous studies have shown that identifiability of sound sources influences noise annoyance 

levels. The aim of the present experiment was to additionally study the effects of actively 

performing a task versus a less active pastime on noise annoyance. This was done by asking 

participants to perform a task (task condition) or read a magazine of their choice (no-task 

condition), while listening to identifiable and unidentifiable samples of transportation noise 

at varying sound exposure levels (55 – 85 ASEL). Annoyance was higher for identifiable 

samples (recordings) than for unidentifiable transformed samples (with equal spectral energy 

and envelope). Although there was no main effect of activity type on noise annoyance, 

for the transformed samples, an interaction was found between activity type and sound 

exposure levels: annoyance started lower in the no-task condition, but rose more steeply 

with ascending exposure levels than was the case during task performance (large effect). 

When assessing order effects, it was found that annoyance was higher when the task 

condition came first, especially for lower sound exposure levels (large effects). It is therefore 

concluded that the type of activity and the condition order do influence noise annoyance 

but in interaction with exposure levels, the type of noise and habituation.

Effects on annoyance of activity and order of conditions
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Introduction

 Noise, or unwanted sound, is a ubiquitous stimulus in our environment, with detrimental 

effects such as sleep disturbance, health consequences (WHO, 2011), concentration problems 

and diminished work performance (Halin, Marsh, Hellman, Hellström, & Sörqvist, 2014). 

These effects may be partly or wholly induced by the annoyance caused by noise, which 

is why noise annoyance has attracted a large body of research. Experimental studies into 

noise annoyance have varied in one crucial aspect: in some, participants were exposed to 

noise while performing a task, whereas in others participants did not need to perform a 

task. The aim of this study was to assess whether this difference, noise exposure during 

task performance versus exposure in a no-task situation, affects the annoyance caused by 

noise. We have also looked at the effects of identifiability of sound sources on annoyance. 

Below, these factors and their effects on noise annoyance will be introduced in more detail. 

Exploratively, the order of conditions (starting with the task versus the no-task condition) 

was also taken into account.

 In many studies, no activity is proscribed to participants (or mentioned in the article), 

and the participants only listen to the provided noise samples and rate them (for instance: 

Gomez and Danuser, 2004; Soares et al., 2017; Verhey and Heise, 2012). In other studies, 

participants were asked to imagine performing a job or task while being exposed to noise 

(see: Pawlaczyk-Luszczynska, Dudarewicz, Szymczak, & Sliwinska-Kowalska, 2010). In a 

third class of studies, an activity was provided to participants but it was low-intensity, not 

requiring performance. For instance, Aasvang and Engdahl (2004) assessed noise annoyance 

in the lab while participants were watching pictures of the recreational area where an earlier 

field study took place. High correlations were found between lab and field results (Aasvang 

& Engdahl, 2004).

 Reading a magazine or book while being exposed to noise has been used in a couple 

of studies. For instance, Poulsen (1991) addressed duration effects on annoyance caused by 

traffic and gunfire noise, using recordings varying in length from 1 to 30 minutes. Reading 

a magazine was also used by for instance Torija et al., (2011), De Coensel et al. (2007), 

and Vos, Geurtsen, and Houben (2010). In one experiment studying noise annoyance and 

physiological responses to noise, participating students were told to bring their medical 

literature (Öhrström, Björkman, & Rylander, 1988).

 Several different types of tasks (proof reading, logic test and letter sorting task) have 

been used during assessments of noise annoyance. In a study using moderate noise levels, 

it was found that both annoyance and the effort people needed to perform the task were 

negatively affected by noise level (Landström, Söderberg, Kjellberg, & Nordström, 2002). 

Furthermore, the amount of annoyance seemed to be dependent partly on the task that 

was performed while being exposed to noise: annoyance was higher due to speech than to 

broadband noise and this effect was stronger during verbal tasks (Landström et al., 2002). 

Chapter 3



67  

In another study, five tasks were compared: three types of the proofreading task, a finger-

dexterity task and a complex reaction time test. No differences in annoyance by broadband 

noise were found, but, when irrelevant speech was used as noise, annoyance was higher 

during the proofreading tasks (Kjellberg & Sköldström, 1991). It therefore seems that the 

type of noise and the type of task jointly affect the amount of noise annoyance.

 Given that the type of task may affect noise annoyance, it stands to be expected that 

noise annoyance is different in situations with a task versus one without. Indeed, this is 

suggested by two studies that have already compared noise annoyance in a task and in a no-

task condition. In one study, the task condition consisted of conversation and performing 

a speech intelligibility test, while the no-task condition consisted of watching TV and 

reading a magazine. Annoyance ratings of background traffic noise in both conditions were 

compared between people with and without hearing impairment (Aniansson, Pettersson, 

& Peterson, 1983). It was found that all groups showed relatively high annoyance scores 

during the task condition of the speech intelligibility test, and less annoyance during a 

condition entailing reading a magazine. Although this study seems to show an effect of task 

performance on annoyance ratings, the results are more in line with a specific effect of noise 

on comprehension of speech. Indeed, during TV watching, a relatively passive condition 

that also depends on being able to comprehend speech, noise annoyance was elevated as 

well. Furthermore, in another study comparing responses to noise exposure in a task and a 

no-task condition, it was found that participants were more easily annoyed by concurrent 

noise when performing the task (Wohlwill, Nasar, DeJoy, & Foruzani, 1976).

 Similar results were found by Zimmer, Ghani, and Ellermeier (2008) in two experiments 

addressing annoyance effects of task disruption and noise duration. Participants rated 

different sound samples (Korean speech, white noise and two frequency modulated tones) 

in three conditions: before, during and after a (visual) memory task. In the first experiment 

all sound samples in every condition lasted 14 seconds. In the second experiment the 

samples again had a duration of 14 seconds in the before and after conditions, but during 

the task condition the sound samples lasted 10 minutes. Again, annoyance ratings were 

high during the task condition, but only for speech noises that interrupted the task. Indeed, 

task disruption and longer exposure duration led to more annoyance. Interestingly, duration 

did not only affect annoyance during the longer exposure itself, but also in the (silent) 

test situation after the longer noise exposure. It thus seemed that the longer exposure had 

a prolonged effect, affecting the silent condition after it as well. This was not the case for 

the short noises in the first experiment. These findings suggest that in within-participant 

comparisons conditions influence each other, and order is consequently an important factor 

to consider.

 It thus seems that annoyance is indeed affected by the type of activity observers are 

engaged in while they are exposed to noise, but that this may not be equally true for all types 

of noise. In particular, activities dependent on language are disturbed by speech sounds, and 
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participants tend to rate those as more annoying when they are engaged in such activities. 

However, it is possible that there is a more general interaction between activity and noise 

type. One such variable that affects annoyance is the identifiability of sound sources, which 

relies on a lot of acoustical information such as frequency spectrum, the presence of tonal 

components, buildup etcetera. When comparing everyday noises and their “transformed” 

counterparts (transformed, unidentifiable versions of the original recordings containing the 

same spectral energy and envelope), it was found that the transformed samples generated 

more annoyance (Ellermeier et al., 2004; Fidell et al., 2002). However the opposite effect was 

found in recent experiments that compared samples of original and transformed aircraft and 

road traffic noise (see chapter 2). The samples used by Ellermeier et al. (2004) and Fidell et 

al. (2002) were short (2 – 8 s), while those used in chapter 2 were long (45 s). In addition, 

participants in the first two experiments were given no task beyond listening to and rating 

the samples, while participants in the latter study performed a demanding working memory 

task. Again, an active task versus a no-task condition may have been a factor contributing to 

the difference in results.

 The current experiment was designed to address the role of activity on noise annoyance, 

also taking the identifiability of the noise into account. The experiment consisted of two 

conditions during which participants were exposed to transportation noise at different 

exposure levels (55 – 85 ASEL). In one condition, they performed a 3-back task and in the 

other, they read a magazine (chosen from a pile of different magazines) without having 

to perform a task (as in Torija et al., 2011, De Coensel et al., 2007, and Vos, Geurtsen, 

& Houben, 2010). Four noise samples were used: a recording of an aircraft flyover and a 

recording of road traffic noise (the ‘original’ samples), and two samples in which the previous 

two recordings were transformed into unidentifiable noise samples, without changing the 

original spectral energy and envelope (the ‘transformed’ samples). It was expected that: 

a) noise during task performance would lead to more annoyance than noise during a no-

task situation such as reading a magazine, and b) identifiable noise would lead to more 

annoyance than unidentifiable, transformed noise, and c) that this would be more so during 

task performance than in the no-task situation. Finally (and obviously), we expected d) 

annoyance to be higher for higher sound exposure levels. Though no reason to suspect 

order effects would be present, they were taken into account exploratively to rule out the 

possibility that the sole fact of first actively performing a task or first reading a magazine 

(without having to perform a task) would influence noise annoyance for the samples. This 

indeed turned out to be the case, so order of conditions is reported below as an additional, 

explorative factor.
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Methods

Participants

 Twenty-one college students (mean age = 21.0, SD = 3.8; 17 women) participated for 

study credit or a small monetary award. All participants lived in a city-like environment, 

with a mean duration of 7.5 years. This study was approved by the local ethics and research 

committee and was performed in accordance with the Helsinki declaration.

Materials and Procedure

 Four noise samples with a duration of 45 s were used in this experiment. The two 

original samples were recordings of an A320 descent flyover (played twice, Bergmans & 

Bøgholm, 2008) and road traffic noise, containing five cars and a truck passing by (Vos, 2004), 

respectively. Of each of these original recordings a transformed sample was constructed 

by first analyzing the envelope, frequency spectrum contents and ASEL of the original 

recordings and then building new samples from noise with the same physical characteristics 

as those of the originals. Each of these transformed samples was generated in such a way 

that the envelopes, the average frequency spectra and the A-weighted sound exposure levels 

(ASEL) matched those of the original recordings. To determine the envelope, the original 

recordings were rectified and passed through a low-pass third order Butterworth filter, using 

a 1 Hz cutoff frequency. The frequency spectra were calculated by analyzing 0.1 s intervals 

of the original recordings and taking the average of the absolute values of all the intervals 

of the fast Fourier transformations (FFTs). As was also mentioned in chapter 2, it was 

specifically chosen not to use the method used by Fastl (2001), because this method is less 

suitable for broadband noise with slow fluctuations like ours. Stereo stimuli were generated 

from recordings of the samples made with a Brüel & Kjaer head and torso simulator (HATS), 

equipped with prepolarized 1⁄2 inch microphones, type 4189. The HATS was located in 

a semi-echoic room (reverberation time of approximately 1 s) at a distance of 3 m from 

a Tannoy Reveal loudspeaker. The ear-canal resonance of the HATS was corrected for by 

applying an equalization, which was based on a recording made with the HATS of pink 

noise, reproduced through the Sennheiser HD600 headphones that were also used in the 

experiment. Level calibration was done by playing the binaural equalized samples through 

the headphones, adjusting the level such that ASEL measured through the HATS equaled the 

ASEL recorded at the location of the center of the HATS in the semi-echoic chamber. A Brüel 

& Kjaer sound level meter (type 2250) was used for the level calibration. No ambient noise 

was added to the samples. A windows XP computer and OpenSesame version 0.25 (Mathôt 

et al., 2012) were used to administer both the task and the sound samples.

 In a previous study, all samples were tested in a pilot experiment to ensure that the 

original samples were identifiable and that the transformed samples were unidentifiable as 

was intended. Though one person from a group of eight failed to identify the original A320 
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recording, the original road traffic noise was identified by all (n = 5) and the transformed 

samples were identified by none of the participants (n = 7 for each) (see also chapter 2).

 The participants first filled out a demographics questionnaire, containing nine questions 

on age, gender, education etc. and (former) ear/hearing problems. After this the participants 

put on the Sennheiser headphones, which they wore during the entire experiment, and 

practiced the 3-back task for 4 minutes in silence. Feedback about speed and accuracy was 

offered every minute to encourage the participant to perform better.

 The experiment consisted of two conditions, a task performance condition and a no-

task condition (reading a magazine of choice), both of which took place in a sound-insulated 

room. In the task performance condition, continuous working memory performance was 

measured using a 3-back task (a specific implementation of the n-back task; Kirchner, 

1958). This task is considered to be very difficult and was chosen to optimally engage all 

participants. During the 3-back task, letters (lower- and upper-case) were presented on screen 

during 500 ms one at a time. After every letter a decision had to be made within 2000 ms by 

pushing one out of two response buttons (a target button and a non-target button). A letter 

was considered a target when it was the same letter as the one that was presented three trials 

before, independent of its case. For example, in the series ‘B A q f a q d’, both the second ‘a’ 

and the subsequent ‘q’ are targets, because they are the same as the letters presented three 

trials before. Which response button represented a target or non-target was randomized; for 

46% of the participants, the left response button represented a target and the right a non-

target, for the other 54% the meaning of the buttons was reversed. Feedback immediately 

followed upon pressing one of the buttons. A green circle was used for a correct response and 

a red cross was intended for mistakes and time-out situations. The letters ‘o’ and ‘x’ were not 

used in the task to prevent confusion with the feedback signs. The entire task consisted of 

20 blocks of 20 letters. During every block, one of the four sound samples was played to the 

participant at one of these four sound exposure levels (55, 65, 75 or 85 ASEL) resulting in 16 

blocks of task performance with a sound and 4 blocks of task performance in silence. After 

every block a question was asked in Dutch about the perceived noise annoyance. Translated, 

this read: “To what extent would the noise you just heard bother you, had you heard it 

during a longer time in for instance a garden?” The response options ranged from 0 (not at 

all annoyed) to 9 (extremely annoyed).

 Both conditions were completed sequentially. The instruction for the task condition 

was to perform it as quickly and accurately as possible and for the magazine condition to 

just relax and read. More detailed feedback on response times and accuracy performance was 

given once in every five blocks to motivate the participant to keep improving. Half of the 

group started with the active task condition (randomly assigned) and the other half with 

reading a magazine (no-task condition).

 Regarding the no-task condition, the only difference with the task condition was that 

participants did not have to perform a task but could choose a magazine from a pile of 
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Table 3.1. ANOVA results for all effects mentioned in the results section. A description 
of the effects, the degrees of freedom of the effect (df 1) and error (df2), F values, p 
values, effect size r and standard qualifications of the effect sizes are provided.

Effects with Activity, Sample Type and 
ASEL

df 1 df 2 F p Effect 
size, r

 Effect 
size

Main effect – activity 1 20 0.426 .521 .14  

Main effect – sample type 1 20 13.861 .001 .64  large

Interaction – sample type*activity 1 20 0.638 .434 .18

Linear effect – ASEL 1 20 170.729 < .001 .95  large

3-way interaction – sample type*activity* 
ASEL 

1 20 6.790 .017 .50  large

Transformed: interaction – activity*ASEL 1 20 9.430 .008 .57  large

Effects containing Order            

Main effect of order 1 19 1.879 .186 .30  

Interaction – activity*order 1 19 10.976 .004 .61  large

Trend interaction – ASEL*order 1 19 3.855 .064 .41  

3-way interaction – sample type* 
activity*order

1 19 9.211 .007 .57  large

3-way interaction – sample type*ASEL*order 1 19 10.413 .004 .60  large

3-way interaction – activity*ASEL*order 1 19 5.173 .035 .46  medium

diverse magazines. Instructions were to read quietly. The same sound samples (though in 

random order) were listened to as in the task condition.

 The whole experiment lasted approximately one hour. One day after the experiment 

a link to online questionnaires was sent to the participants, the results of which will be 

reported elsewhere.

Results

 For all shown results, data of both original samples and both transformed samples 

were collapsed to increase power. A repeated measures analysis of variance (ANOVA) was 

performed with noise annoyance as dependent variable and activity (task/no-task), sample 

type (original/transformed) and A-weighted sound exposure level (ASEL; 4 levels) as the 

three independent variables. All results are depicted in Figure 3.1, ANOVA results can be 

found in Table 3.1.

Table 3.1. ANOVA results for all effects mentioned in the results section. A description of the effects, the degrees 

of freedom of the effect (df 1) and error (df2), F-values, p-values, effect size r and standard qualifications of the 

effect sizes are provided.

Effects on annoyance of activity and order of conditions



 72  

0

1

2

3

4

5

6

7

55 ASEL 65 ASEL 75 ASEL 85 ASEL

M
ea

n
 N

oi
se

 A
n

n
oy

an
ce

Sound Exposure Level (ASEL)

Task, Original

Task, Transformed

No-Task, Original

No-Task, Transformed

Activity; Sample Type

 The first hypothesis, which is about stronger annoyance during task performance, was 

not confirmed: no main effect for activity was found. In line with our second hypothesis, the 

transformed samples were rated as less annoying than the original samples (main effect for 

sample type). This effect was not stronger in the task condition than in the no-task condition, 

which disconfirmed our third hypothesis about an interaction between sample type and 

activity. The last hypothesis, that of a positive dose-effect relationship on annoyance, was 

confirmed by a significant linear effect of sound exposure level. Interestingly, although no 

additional two-way interactions were significant, there was a three-way interaction between 

sample type, activity and sound exposure level (again using a linear contrast for the last 

variable). This effect was caused by a steeper rise of annoyance for transformed samples 

in the no-task condition. An additional analysis was run on data of only the transformed 

samples, where an interaction between activity and sound exposure level was indeed found.

Figure 3.1. Mean noise annoyance, with standard error of the mean bars (SEM, corrected for between-subject 

variance, Cousineau, 2005) of the three variables: activity (task/no-task), sample type (original/transformed) 

and A-weighted sound exposure level (ASEL).

 We then looked at the effect of order of the conditions (activity) by adding it to the 

ANOVA as a between participants factor, thereby creating a mixed design ANOVA. All results 

concerning the factor order are shown in Figure 3.2. Though there was no main effect of 

order, several two-way and three-way interactions were found. The interaction of condition 

and order (Figure 3.2a) showed that the annoyance in the no-task condition is independent 

of order, while annoyance in the task condition is higher when people start with the task 

condition than when the task comes second. A trend was found for the interaction (quadratic 
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contrast) of sound exposure level and order (Figure 3.2b). Three three-way interactions were 

found on noise annoyance: 1. sample type x activity x order (Figure 3.2c), 2. sample type x 

sound exposure level x order (Figure 3.2d, cubic contrast), and 3. activity x sound exposure 

level x order (Figure 3.2e, quadratic contrast), all of which indicate that annoyance was 

higher when people started with the task condition, specifically for low sound exposure 

levels.

   

Figure 3.2. Mean noise annoyance and SEM bars (Cousineau, 2005, corrected) are shown for: a) the interaction 

between activity and order, b) the interaction between sound exposure level and order, c) the three-way interaction 

of sample type, activity and order, d) the three-way interaction of sound exposure level, sample type and order, 

and e) the three-way interaction between sound exposure level, order and activity.
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Discussion

 

 No overall differences in annoyance ratings between performing a task or reading a 

magazine of choice was found, not in general nor specifically for one sample type. However, 

a three-way interaction was found between activity, sample type and sound exposure level. 

Participants in the no-task condition reported more annoyance for rising exposure levels 

than those in the task condition, specifically for the transformed samples. It may have 

been that in this condition, participants had more free attention available to evaluate the 

noise. This may have specifically affected the transformed samples because, as they were 

not identifiable to participants, there are no strong associations attached to them on the 

basis of which an annoyance rating can be made. Instead, the exposure level of the sound 

may have been the dominant determinant of annoyance experienced by the participants. 

In the challenging task, on the other hand, attention could be depleted to the extent that 

an assessment of annoyance caused by the sounds was less precise. Noteworthy is that the 

ratings for the original samples are very similar (see Figure 3.1). Activity thus had little effect 

on annoyance ratings for these samples. The fact that the annoyance ratings were higher for 

the original recordings than for the transformed sound is a replication of earlier findings (see 

chapter 2), and confirms the idea that longer and/or transportation sounds may generate 

more annoyance than the shorter unidentifiable noises used in other experiments.

 Unexpected results were found for order*. Annoyance was higher in the first condition 

that participants were in, but mostly so when they started with the task condition. 

Furthermore, order effects were bigger for lower sound exposure levels. This may indicate 

that people habituate to the less intense noise, and that this occurs more strongly when they 

do not have to perform a task. Also here available attention may be needed to adequately 

habituate to the sound samples. It could however also be the case that the first noise episode 

makes the highest (negative) impression on the participants. It is often seen that the first 

piece of information has a more substantial effect than information that is received later 

in the process (Dennis & Ahn, 2001; Hogarth & Einhorn, 1992). However, it could also be 

the case that these findings result from participants learning to use the scale: at the start 

of the experiment, the participants were not yet familiar with the noise samples they were 

going to encounter and the scale used to measure the subsequent annoyance. It is possible 

that the interpretation of the scale changed in the course of the experiment, potentially 

caused by slowly getting to know the noise samples and the range of sound levels. Such a 
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learning effect could be tested for by exposing participants to stimuli and the annoyance 

question and scale in a pretest phase. Future research could focus on a different type of no-

task activity to see whether the results would be comparable to those found in this study.

Conclusions

 To conclude, it seems that differences between performing in a task situation, compared 

to a no-task activity, depend on both the type of noise and the exposure levels, but also on 

habituation. Results of this study show that order effects need to be taken into account 

when studying noise annoyance using multiple conditions. Future research to confirm these 

findings could focus on different types of noise as well as other types of tasks and no-task 

situations.
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Abstract

During Continuous Descent Approaches (CDAs) aircraft glide towards the runway resulting 

in reduced noise and fuel usage. Here, we investigated whether such landings cause less 

noise annoyance than a regular stepwise approach. Both landing types were compared in a 

controlled laboratory setting with a Virtual Community Noise Simulator (VCNS), using four 

audio samples: an overflight during a regular approach (2000 ft. altitude) and three aircraft 

performing CDAs at respectively 3000, 4000 and 5000 ft.. The samples at 2000 ft. and 4000 

ft. were recorded at a countryside road, a 360° photo of which was used for the virtual visuals. 

The other two CDA samples were derived from the recording at 4000 ft. Participants were 

asked to rate all flyover samples twice while being immersed in the virtual environment. 

The CDA at 3000 ft. was rated as most annoying, likely due to a longer overflight duration, 

followed by the regular descent and then the CDAs at 4000 and 5000 ft.. As CDAs follow a 

fairly steady trajectory, it was estimated that they will increase annoyance within an area 

of approximately 2.5 km2, as compared to regular landings. Outside of this area, CDAs may 

instead result in less annoyance than regular landings.
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Introduction

 Aircraft noise can be a burden for communities and individuals living in the vicinity 

of an airport, especially at night time. As noise annoyance is a key component in airport 

capacity discussions, any measure to aid noise abatement is welcome.

 During regular landing procedures, the aircraft approach the runway in a stepwise 

manner: alternately descending and flying at steady altitudes depending on e.g. the route, 

the distance to the runway and traffic situation. To maintain a steady height, extra thrust 

and therefore more fuel is needed, which in turn leads to extra noise. In the last 15 to 

20 years, many airports worldwide have commenced with using Continuous Descent 

Approaches (CDAs) in addition to regular procedures. During CDAs, the aircraft stay at their 

cruising altitude as long as possible (Alam et al., 2010), and then glide towards the landing 

strip with an angle of approximately 3° (Johnson, 2010) in a vertically optimized route 

(Alam et al., 2010). The amount of drag that is needed to maintain a steady height is reduced 

in CDAs (Hileman, Reynolds, de la Rosa Blanco, Law, & Thomas, 2007; Tong, Schoemig, 

Boyle, & Haraldsdottir, 2007) allowing the engines to operate at near idle thrust (Alam et al., 

2010). Compared to regular landing procedures, a CDA results in reduced fuel burn, lower 

emissions and noise reduction (Clarke et al., 2013; Clarke et al., 2004, 2006; Mead, & Sweet, 

2009; Tong et al., 2007; Wubben & Busink, 2000), until the CDA intercepts the Instrument 

Landing System (ILS) after which there is no difference between a CDA and a regular landing 

anymore. In one study, A-weighted peak noise was found to be 3.9 – 6.5 dB(A) lower at seven 

locations underneath the flight path. As a 1 – 3 dB is the Just Noticeable Difference (JND) 

for noise, this can be called a significant noise reduction. Accordingly, Wubben and Busink 

(2000) reported less noise annoyance around Amsterdam Airport Schiphol after CDAs were 

introduced at nighttime. In 2000, it was even suggested that, concerning aircraft noise, 

CDAs were the most effective noise abatement technique (Kershaw, Rhodes, & Smith, 2000).

 While previous studies (Clarke et al., 2006; Tong et al., 2007; Wubben & Busink, 2000) 

have consistently shown that both noise and fuel consumption are reduced, no controlled 

study has, to our knowledge, shown that using CDA procedures leads to a decrease of noise 

annoyance. With this study, we aimed to compare noise annoyance generated by CDAs and 

regular landing procedures. We hypothesized that annoyance would be lower during CDAs 

than during regular descent approaches.

 For this study, we made use of a Virtual Community Noise Simulator (VCNS). This 

virtual reality (VR) device allowed us to address noise annoyance by different types of 

landings in a controlled laboratory environment. Participants experienced flyovers of CDAs 

at three different heights (resp. 5000, 4000 and 3000 ft.), and of regular landings at 2000 ft. 

(the typical altitude which aircraft approaching Amsterdam Airport Schiphol maintain until 

they intercept the ILS for the final approach (see Figure 4.1)). Participants were standing on 

a virtual quiet countryside road, and were asked to rate their noise annoyance after each 

flyover.
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 It was expected that noise annoyance ratings would be lower for all CDA flyovers 

compared to the regular landing procedures.

Figure 4.1. Flight paths of regular descents and Continuous Descent Approaches (CDAs). Arrows indicate the 

respective locations of which audio samples were used. Copyright of this schematic profile: Gijs, Wikipedia 2012.

Methods

Participants

 Twenty-seven healthy volunteers with a mean age of 24.4 years old (SD = 8.8, 11 females) 

were recruited from the Vrije Universiteit Amsterdam student body, and participated in this 

study after giving informed consent. Cash money (6 euros) or academic credits were offered 

as a reward for participation. This study was conducted in accordance with the norms of the 

Helsinki Declaration.

Materials

 Four one-minute audio samples of descending Airbus 330 (A330) flyovers were used: 

one regular descent approach at 2000 ft. and three CDAs at respectively 3000, 4000 and 5000 

ft. at the moment of closest vertical proximity to the listener. Both the regular flyover at 

2000 ft. (before intercepting the ILS) and the CDA at 4000 ft. were recorded in the province 

of Noord-Holland (near Castricum) in the Netherlands with a Bruel and Kjaer type 4189 

microphone. By applying digital signal processing tools, gain and FIR filters (Arntzen, 2014), 

that reflect the change in distance, the recorded signal at 4000 ft. was made representative 

for the 3000 ft. and 5000 ft. flight path. As no change in source noise was applied, all 

resulting samples contain the same geometric characteristics (directivity and Doppler shift) 

as the 4000 ft. sample. This was done because it was judged that differences due to changes 
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Table 4.1. A-weighted maximum sound level (LAmax), A-weighted Sound Exposure 
Level (ASEL) and minimum vertical distance (the shortest distance between the 
aircraft and the listener during the flyover) of the four audio samples.

Procedure/Altitude LAmax ASEL Minimum distance, m 

Regular, 2000 ft. 70.6 79.3 1033

CDA, 3000 ft. 67.6 79.5 1211

CDA, 4000 ft. 65.5 77.1 1460

CDA, 5000 ft. 63.3 75.2 1727

in directivity and Doppler shift would be much smaller than the difference caused by the 

distance effects. The flyover characteristics are shown in Table 4.1. In Figure 4.2, the loudness 

curves over time of all overflights are portrayed. All of these samples are representative of 

procedures that are common for Amsterdam Airport Schiphol (AAS) in the Netherlands.

 The Netherlands Aerospace Centre’s (NLR’s) VCNS (Arntzen, 2014) was used to create a 

virtual environment in which the experiment was conducted. The VCNS, a copy of NASA’s 

CNoTE system (Rizzi & Sullivan, 2005), sends real-time visuals and audio to a Head-Mounted 

Display (HMD, eMagin Z800 3D visor) and head tracked headphones (Sennheiser EH250), 

allowing the participant to hear and look around in the virtual environment. Ambient noise 

was recorded on site and played as background noise to strengthen the immersion. The 

real-time audio rendering functionality (AuSim’s GoldServer; Chapin, 2001) provided real-

time binaural effects dependent on the orientation of the participant with respect to the 

simulated aircraft.

 The virtual visual environment consisted of a 360° photo of the recording site: a small 

countryside road next to a canal. Both the visuals of the virtual environment and the aircraft 

were rendered with OpenSceneGraph (OSG, www.openscenegraph.org). The head tracking 

device on the headphones ensured that the audio and virtual aircraft visuals were in sync.

Measurement of the headphone frequency response using a white noise source, revealed the 

non-flat behavior of the headphone. The difference with respect to the desired flat response 

was used to define a FIR-filter (Arntzen, 2014, Chapter 5.2). This filter was applied to the 

audio signals to correct for the non-flat headphone frequency response.

Table 4.1. A-weighted maximum sound level (LAmax), A-weighted Sound Exposure Level (ASEL) and minimum 

vertical distance (the shortest distance between the aircraft and the listener during the flyover) of the four audio 

samples.
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Figure 4.2. LA levels per sample over time.

 A demographic questionnaire was used to ask specifics such as age, gender, education, 

hearing proficiency and home environment.

 One question (in Dutch) was used to assess annoyance: “Thinking about the last 

minute, what number from zero to ten best shows how much you are bothered, disturbed, 

or annoyed by the aircraft noise you just heard?”. With this question we stayed as close 

as possible to the standardized question proposed by ICBEN (Fields et al., 2001; ISO/TS 

55666:2003).

Procedure

 Participants first read an information folder, signed an informed consent and filled out 

the demographics questionnaire. They were then led into a sound-insulated room where 

the HMD-visor and headphones were adjusted to fit. A piece of black plastic blocked the 

peripheral view so the participant could not see the laboratory room.

 The first task consisted of exploring the virtual scene for 90 seconds without noise, to 

get familiar with the environment. The second task was the actual experiment during which 

every flyover was administered twice. As randomization of the flyover simulations was not 

possible in the VCNS, two counterbalanced orders were used to minimize the possibility 

of order effects. Specific flyovers were never presented twice consecutively. Participants 

were free to explore the environment during the experiment and search for the aircraft if 
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they felt like it. After every fl yover participants rated their noise annoyance with the noise 

annoyance question. This question was prerecorded and presented on the headphones. The 

answers were given verbally and entered into the computer by the experimenter. The next 

sample followed directly after a response was given. The experiment lasted approximately 

40 minutes.

Results

 Figure 4.3 shows the mean annoyance ratings given by the participants for the four 

fl yover samples. Analyses with a repeated measures Analysis of Variance (ANOVA) showed a 

main effect of condition, F(3,78) = 15.685, p < .001, r = .41. Follow-up analyses using simple 

contrasts revealed that the regular descent was rated as less annoying than the CDA at 3000 

ft., F(1,26) = 5.162, p = .032, r = .41, but as more annoying than the CDAs at 4000 ft., F(1,26) 

= 5.679, p = .025, r = .42, and at 5000 ft., F(1,26) = 15.390, p = .001, r = .61.

Figure 4.3. Mean noise annoyance levels for the regular descent at 2000 ft. and the CDAs at respectively 3000 

ft., 4000 ft. and 5000 ft.. Error bars show the standard error of the mean.

 As all CDA fl ights use more or less the same horizontal ground track towards the runway, 

these results can be extrapolated to estimate annoyance experienced along the whole fl ight 

path of a descending aircraft. To do this, we computed how the noise experienced at different 

locations below and alongside the fl ight path would compare to the three CDA samples used 

in the experiment. Then using linear inter- and extrapolation, we estimated the annoyance 

that would be experienced at those locations from the three CDA conditions included in 
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the experiment. This resulted in the map shown in Figure 4.4, in which the color indicates 

where more or equal amounts (orange) or where less annoyance (blue) is to be expected 

underneath the fl ight path. Our analysis showed that there is an area underneath the fl ight 

path where more noise annoyance may be experienced from CDAs as compared to when 

regular descents are used. This area is approximately 2.5 km2 in size and at a distance of 

17 – 22 km from the runway. The results depicted by Figure 4.4 only show the effects 

due to the difference in propagation characteristics between the fl ight paths. Changes in 

geometrical characteristics, i.e. directivity and Doppler shift, were not considered in the 

underlying analyses.

Figure 4.4. The orange area is the area where equal amounts or more annoyance is expected when CDAs are used. 

For the blue area, less annoyance is expected for CDAs compared to regular descents.

Conclusions and Discussion

 Using a virtual environment, we compared noise annoyance caused by a CDA with 

that caused by a regular landing procedure. In line with expectations, participants rated 

audio samples representing a CDA at 4000 ft. and 5000 ft. as less annoying than the sound 

from an A330 fl ying a regular descent. Against expectations, however, it was found that 

the CDA at 3000 ft. was considered as more annoying than the regular descent procedure. 

This is a notable fi nding because the regular descent has the highest LAmax level, which 

is often reported as a predictor for noise annoyance (Björkman, 1991; Björkman, Åhrlin, 
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& Rylander, 1992; Sato, Yano, Björkman, & Rylander, 1999) as is the number of events 

(Björkman, 1991; Björkman et al., 1992; Quehl & Basner, 2006), although the latter effect 

was not found in all studies (Sato et al., 1999). The 3000 ft. CDA and the regular descent 

did show similar ASEL values due to the longer flyover duration of the CDA (see Table 4.1). 

Increased duration of sound is also known to result in higher annoyance levels (Hiramatsu, 

Takagi, Yamamoto, & Ikeno, 1978; Zimmer et al., 2008). In a laboratory study on noise 

annoyance by helicopter noise, an increase of annoyance was found for increased durations, 

supporting the conclusion that ASEL may be a better index for helicopter noise than LAmax 
(Ohshima & Yamada, 2009). A longer duration of above-background level noise could thus 

explain why the CDA at 3000 ft. resulted in more annoyance than the regular landing, even 

though the LAmax level was lower for the CDA. We therefore conclude that ASEL was a better 

predictor of annoyances in this study than LAmax, but that ASEL may not represent duration 

sufficiently to predict noise annoyance in general. We therefore recommend using ASEL for 

annoyance predictions to take the duration of flyovers into consideration as well.

 Our results indicate that CDA procedures results in reduction of annoyance when the 

aircraft are still flying at high altitudes, but may increase annoyance closer to the runway, 

when the aircraft are lower. Taking into account that aircraft flying CDA procedures 

generally use similar horizontal flight paths, this could result in increased annoyance ratings 

in specific areas below the flight path. We calculated that this is likely to be the case in an 

area of approximately 2.5 km2 underneath the flight path at about 17 – 22 km distance 

from the runway (see Figure 4.3). In areas farther away from the runway, on the other hand, 

residents would profit from the CDAs as noise levels there are reduced compared to when 

regular landing procedures are used. Moreover, also at locations that are horizontally more 

than one kilometer away from the flight path, CDAs should, according to our calculations, 

result in a decrease in noise annoyance.

 A consideration here is that, at some airports (including the main international airport 

in the Netherlands), CDAs are executed during the night with a flight path (or ground track) 

that has to be adhered to by all aircraft. Hence, residents underneath that flight path are 

subjected to a higher number of flyovers than would be the case if regular landing procedures 

were used. Curved CDA approaches, if safety protocols allow it, could be a solution for 

this additional burden for those residents (Johnson, 2010). Future research is necessary to 

address the issue of fixed tracks and effects of the number of CDA flyovers.

 The overall mean annoyance ratings were not very high in this study. The fact that 

most participants were students, not necessarily living close to an airport, was possibly of 

influence in this matter. Another possibility is that annoyance levels were relatively low 

because the VR-experience was novel and exciting for the participants. Because we have 

used a within-subject design and were predominantly interested in relative differences 

between annoyance ratings, we do not think that these possible biases have affected the 

main findings of this study.
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 All in all, our results indicate that the use of CDAs will lead to a reduction of noise 

annoyance except for a small area underneath the flight path. The calculated area is only 

representative for the measured aircraft and cannot directly be generalized to other aircraft 

or routes as, for instance, flight velocities can greatly differ in other situations. Even though 

precise calculations and measurements should be made for different aircraft, it is not 

unthinkable that different types of aircraft have their own area where CDAs may lead to 

more annoyance or less annoyance. When areas with more expected annoyance have been 

identified, it would be wise to communicate about it with the inhabitants.

 A general caveat concerning our results and those of several studies cited above is that 

they are based on laboratory experiments. Although we have tried to come close to a real-life 

experience, using a virtual audiovisual environment which was found to be truly immersive 

by most participants, it remains to be tested in future research whether actual field studies 

will indeed confirm our results and predictions. For now we can conclude that CDAs are 

likely to lead to more noise annoyance in certain small areas underneath the flight path, but 

that inhabitants of the surrounding areas are likely to experience some relief from aircraft 

noise.
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Mismatch Negativity (MMN) in high 
and low noise sensitive individuals
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Abstract

Although noise sensitivity is known to be an important determinant of noise annoyance, 

its neural underpinnings are not yet well-established. In the present study, high and low 

noise sensitive participants were selected based on their scores the Noise Sensitivity Scale 

(NSS) and the Noise Sensitivity Questionnaire (NoiSeQ). Participants watched a silent film, 

while listening to an optimized auditory oddball task with five types of deviants (Intensity, 

Duration, Gap, Location and Frequency). EEG was measured during this task and event 

related potentials (ERPs) were calculated. From the ERP, the mismatch negativity (MMN) and 

the P3 deflection were calculated. No differences were found between the noise sensitivity 

groups on the MMN or P3 of the deviants. When using Bayesian statistics, substantial and 

anecdotal evidence was found in favor of the null hypothesis for MMN results and the P3 

results respectively. These data do not confirm findings from earlier studies and suggest that 

there are no differences between the noise sensitivity groups.
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Introduction

 

 People are being subjected to ever increasing levels of environmental noise due to 

economic growth, urbanization and motorized transport, leading to annoyance, sleep 

disturbance and health effects (WHO, 2011). Noise sensitivity has been named as 

moderating factor for noise annoyance (Marks & Griefahn, 2007; Miedema & Vos, 2003) 

and as most important non-acoustic factor for predicting noise annoyance (PaunoviĆ et 

al., 2009). Noise sensitive (NS) individuals show a steeper rise in annoyance to increasing 

levels of environmental noise than low NS people (Miedema & Vos, 2003). While more 

than one definition of noise sensitivity is in use, the general consensus seems to be that 

high NS individuals show more physiological reactivity to auditory stimuli, show higher 

vulnerability to environmental stimuli in general (Job, 1999) and express more annoyance 

about noise (Fyhri & Klæboe, 2009; Guski, 1999) than low NS people. A positive correlation 

is found between noise sensitivity and negative attitudes toward noise sources (Guski, 

1999; Öhrström et al., 1988). Noise sensitivity has both trait and state aspects: though it is 

generally stable throughout life, it is known to become more pronounced with (episodes of) 

mental illness (van Kamp & Davies, 2013). If any, there is only a weak relationship between 

noise sensitivity and noise exposure (Babisch et al., 2009).

 Although a high probability for a genetic component to noise sensitivity was found, 

based on a heritability estimate of 36% (Heinonen-Guzejev et al., 2005; Heinonen-Guzejev, 

2009), only a few studies have been conducted addressing the biological correlates of noise 

sensitivity. Health issues, such as cardiovascular morbidity and psychological distress, are 

linked with noise sensitivity (Heinonen-Guzejev et al., 2007; Stansfeld & Shipley, 2015). It is, 

however, unclear if any of these are causally related to noise sensitivity. Slower habituation 

of heart responsivity, higher mean heart rate, higher tonic skin conductance levels and larger 

startle responses were found in noise sensitives, when being exposed to noise (Stansfeld, 

1992). Higher mean heart rates in noise sensitive people were also found in chapter 6 (see 

ahead), in addition to a higher sympathovagal balance. Intriguingly, these results were 

not only found in the noise condition, but throughout the whole experiment including a 

silence and a baseline condition. In the current study we addressed potential physiological 

differences in the brain.

 In earlier studies, some differences in brain responses were found between high and 

low NS people: in a study using continuous EEG (electro-encephalogram) measurements 

during road traffic noise exposure, higher EEG baseline arousal levels and steeper rises of 

EEG gamma band power were found for the high noise sensitive group compared to the low 

sensitive group (White et al., 2010). Shepherd, Hautus, Lee, and Mulgrew (2016) conducted 

a series of interesting studies addressing heart rate change, heart rate variability and EEG 

in noise sensitive and noise resistant individuals. Indications were found for covariance 

of noise sensitivity and autonomic responses based on the HRV results: noise sensitivity 
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showed correlations with increased sympathetic and decreased parasympathetic activity. 

These results were stronger using only the subset of items about noise sensitivity in the 

daytime/during wake hours of the NoiSeQ questionnaire, and in case of parasympathetic 

activity the significancy depended on it. These results suggest differences in physiological 

mechanisms between sleep and wake noise sensitivity aspects (Shepherd et al., 2016). 

Furthermore, the authors addressed sensory gating (filtering of environmental stimuli) by 

looking at the P50 deflection of the ERP (event related potential) of the EEG. When passively 

listening, sensory gating was lower in high compared to low NS individuals, indicating that 

high NS people find it more difficult to filter out auditory stimuli (Shepherd et al., 2016).

 The relationship between noise sensitivity and Mismatch Negativity (MMN) was first 

addressed by Heinonen-Guzejev et al. (2014). The MMN is of interest because it reflects pre- 

attentive sensitivity to differences in sensory stimuli. This deflection is only present when 

an auditory or visual stimulus is perceived that deviates from preceding stimuli. Heinonen-

Guzejev et al. (2014) found that high NS participants responded with earlier MMNs to 

rhythm deviants compared to low NS participants. Additionally, they found that MMN 

amplitudes for timbre were lower for high NS participants compared to low NS. Overall, 

high NS individuals could be experiencing enhanced reactions to temporal sound changes, 

but could be compromised in detecting changes in sound spectra. Similar lower MMN 

responses in noise sensitives were found by Kliuchko et al. (2016) in a study using a broad set 

of deviant stimuli, and measuring not only EEG, but also MEG (magnetic encephalogram). 

This effect was specifically present for a noise discriminant deviant (Kliuchko et al., 2016), 

leading to the conclusion that sound feature coding and discrimination of noisy sounds are 

altered in high noise sensitives.

 The aim for the present experiment was to replicate the MMN findings of Heinonen- 

Guzejev et al. (2014) in a different design, using non-musical stimuli (data for the present 

study were already collected before publication of Kliuchko et al. (2016), so these results 

were not taken into account in the hypotheses for the present study). If it is indeed the case 

that people with high self-reported noise sensitivity show lower MMN amplitude responses 

compared to people who do not rate themselves as such, than this may be an indication 

that noise sensitivity coincides with an incapability of the brain to adequately differentiate 

between incoming information. The reason for additionally focusing on the P3 response is 

based on its relation to attention. When present, the P3 response shows that the person is 

paying attention to a stimulus even though they may not intentionally do so.

 High and low noise sensitive participants were recruited based on their scores on 

noise sensitivity questionnaires. They were presented an optimized version of the oddball 

task while watching a silent film. In line with earlier findings it was expected that high 

noise sensitive participants would show smaller MMN responses to deviants concerning 

sound quality and faster MMNs to timing related deviants compared to low noise sensitive 

participants. Concerning the P3 response, we expected to find larger P3 amplitudes (i.e. 

Mismatch Negativity (MMN) in high and low noise sensitive individuals
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Table 5.1. Mean scores and standard deviations (SD) of the high and the low noise 
sensitive groups (HNS and LNS, respectively) on the noise sensitivity scale (NSS), 
the noise sensitivity questionnaire (NoiSeQ) and age. Additionally, the gender 
distribution in the groups is shown.

HNS (n = 20) LNS (n = 18)

  Mean SD Mean SD

NSS-Score 50.1 5.1 27.4 5.0

NoiSeQ-score 77.8 7.4 28.2 8.0

Age 32.1 10.7 34.8 13.8

Gender 15 females   11 females  

more attention towards the stimuli) on all deviants in high compared to low noise sensitive 

individuals. Though this may seem to contradict the MMN-hypothesis, we expected high NS 

individuals to differentiate between stimuli less well (MMN), but to nonetheless be focused 

on all sounds (P3) more than low NS people.

Methods

Participants

 Selection of participants was based on their scores on the 10-item version of the Noise 

Sensitivity Scale (NSS; Weinstein, 1978; range 10 – 60) the Noise Sensitivity Questionnaire 

(NoiSeQ; Schütte et al., 2007; range 0 – 105). These two questionnaires were filled out by 216 

people. People with the lowest and highest 20% of scores were invited to participate in the 

EEG-experiment. EEG-data were gathered from 38 participants, of which 20 were HNS and 

18 were LNS. The response rates were higher (20/27; 74%) in the high NS (HNS) than in the 

low NS (LNS) group: (18/30; 60%). Descriptives for the groups can be found in Table 5.1.

Table 5.1. Mean scores and standard deviations (SD) of the high and the low noise sensitive groups (HNS and 

LNS, respectively) on the noise sensitivity scale (NSS), the noise sensitivity questionnaire (NoiSeQ) and age. 

Additionally, the gender distribution in the groups is shown.
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Materials

 The task that was used, is described as the Optimum 1 condition in Näätänen, 

Pakarinen, Rinne, and Takegata (2004). It is a variation of the oddball task. The task uses six 

sound samples: a Standard and five types of Deviants. The Standard was a 75 ms chord (5 ms 

rise and fall time included) of three pure sinuses: 500 Hz, 1000 Hz and 1500 Hz, of which 

the latest two were 3 dB and 6 dB less loud than the first, respectively. The overall sound 

level of the sample was 70 dB(A). The Deviants all equaled the Standard in four aspects and 

differed in one aspect. In the Gap Deviant, there was a 7 ms silent gap in the middle of the 

sample. The Duration Deviant only lasted 25 ms. The Loudness Deviant was either 10 dB 

louder or less loud than the Standard. A small asynchrony (800 μs) in phase between the 

left and right ear was introduced in the Location Deviant, so that it was perceived as coming 

from a different angle. The frequencies of the three pure tones were 10% higher or lower in 

the Frequency Deviant. The task was programmed in OpenSesame (Mathôt et al., 2012), and 

the sound samples were presented through Sennheiser HD600 headphones.

 During the experiment, participants listened to the sound samples while watching a 19 

minute silent film called ‘The Blacksmith’ (Keaton, 1922). They were told to enjoy the film 

and not to pay attention to the sounds.

 A BioSemi system and cap were used to measure the EEG with a 64 active electrode 

system and 4 electrodes to measure EOG data, 2 electrodes on the mastoids and Common 

Mode Sense (CMS) and Driven Right Leg (DRL). Data were recorded using the BioSemi 

ActiView program.

 The EEG data were preprocessed before analyzing. First a high pass filter set to 1.0 Hz 

was applied. Subsequently, epochs were set after which trials/epochs with eye blinks and 

high and low frequency noise were removed, using the same methods as Gunseli, Olivers, 

and Meeter (2014). Two reference electrodes were placed on the mastoids. Occasionally, 

one of these electrodes did not function correctly causing data to be very noisy. In that case 

the other mastoid electrode was used as the sole reference electrode. For this experiment, 

only data from the Fz electrode were analyzed, because MMN is often most present at this 

location (see for instance Tervaniemi, Maury, & Näätänen, 1994).

 As the timing of the largest amplitude varied substantially between deviants, it was 

chosen to set a 40 ms epoch per deviant around the average peak of the group to prevent 

scenarios where individual MMN peaks would fall outside of this epoch. The actual MMN of 

the 5 deviants was then calculated for each participant individually by locating the largest 

amplitude difference between the deviant deflection and the deflection generated by the 

standard (by means of subtraction).

 Also for the P3, an epoch was set for the standard and for each of the deviants 

individually, because, similarly as for the MMN’s, the window differed too much between 

the factors to set just one epoch. To find the P3, the largest amplitude within this epoch was 

detected for every participant.

Mismatch Negativity (MMN) in high and low noise sensitive individuals
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Procedure

 For the EEG-experiment, all participants came to the lab of the Vrije Universiteit. 

Upon arrival, the procedure was explained to them and after signing the informed consent 

form, the electrodes were attached to their head. Subsequently, the participant moved to an 

adjacent sound-insulated room, where the EEG-signal was checked. The participants were 

instructed to enjoy the (silent) film and to ignore the sounds. The actual experiment took 

18 minutes, the whole procedure, including attaching the electrodes, lasted approximately 

one hour.

Results

 The MMN and P3 results were analyzed with repeated multivariate analyses of variance 

(repeated MANOVAs, Pillai’s trace (V) in SPSS). Figures 5.1 and 5.2 show the ERP amplitudes 

over time for respectively LNS and HNS groups. MMN results between groups are shown in 

Figure 5.3, P3 results between groups can be found in Figure 5.4.

Figure 5.1. ERP responses on the Fz-location of the standard and the 5 deviants: gap, duration, frequency, 

location and loudness in the high noise sensitive (HNS) group.

 No effect was found between the noise sensitivity groups on the deviants, V = .111, 

F(5,33) = 0.803, p = .556, r = .15. Though this MANOVA was not significant, indicating that 

no differences were found on the MMN results between the sensitivity groups, the main 

effect per deviant is provided here for descriptive reasons: Gap deviant, F(1,36) = 0.013,  

Chapter 5



99  

15

10

5

0

-5

-10
-200 -100 0 100 200 300 400 500

Time (ms)

E
R

P
 a

m
p

li
tu

d
e 

(μ
V

)

Standard

Gap

Duration

Frequency

Location

Loudness

p = .909, r = .02; Duration deviant, F(1,36) = 0.060, p = .807, r = .15; Frequency deviant, 

F(1,36) = 1.844, p = .183, r = .22; Location deviant, F(1,36) = 0.446, p = .509, r = .11; Loudness 

deviant, F(1,36) = 0.459, p = .502, r = .11. These results indicate that MMN responses do not 

differ between the noise sensitivity groups.

Figure 5.2. ERP responses on the Fz-location of the standard and the 5 deviants: gap, duration, frequency, 

location and loudness in the low noise sensitive (LNS) group.

Figure 5.3. Mean Mismatch negativity (MMN) responses and Standard Error of the Mean bars (SEM) for the high 

(HNS) and low (LNS) noise sensitive groups on the fi ve deviants.
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 When analyzing P3 data, the results for the standard sample were discarded because 

no amplitude peak was available in the set epoch. No effect of noise sensitivity on the 

P3 generated by the deviant noises was found, V = .162, F(5,32) = 1.233, p = .317, r = .19. 

Again the pairwise comparisons are provided (Bonferroni corrected) only as additional 

information: Gap deviant, p = .615; Duration deviant, p = .091; Frequency deviant, p = .294; 

Location deviant, p = .295; Loudness deviant, p = .420. So only a trend for the duration 

deviant was present in these pairwise comparisons, with a higher P3 peak for the HNS group.

Figure 5.4. Mean P3 responses and SEM bars for the high (HNS) and low (LNS) noise sensitive groups on the 

fi ve deviants.

 Because no signifi cant results were found, we subsequently tested if the null hypothesis 

was true, using  Bayesian statistics (JASP Team, 2018). The Bayes factors (BF) and their 

interpretations can be found in Table 5.2. The prior BF was set to BF01 because we were testing 

the null hypothesis (no differences between noise sensitivity groups) against the alternative 

hypothesis (H1, there are differences between the sensitivity groups on MMN and P3). The 

prior expectations for H1 were included in the model. For MMN, the Bayes factors suggest 

that there is mostly substantial evidence that the null hypothesis is true, meaning that there 

are no differences between the two noise sensitivity groups. The evidence is less strong in 

case of the P3 defl ection. Anecdotal evidence at best for the H0, but still the evidence is in 

favor of the null hypothesis as opposed to the alternative hypothesis.
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Table 5.2. Bayes factors (BF01) and interpretations thereof for all deviant types on the MMN and the P3.

Discussion

 

 No MMN or P3 differences between the sensitivity groups were found in this study. The 

lack of results is surprising, considering that MMN differences between sensitivity groups 

were reported by Heinonen-Guzejev et al. (2014) and Kliuchko et al. (2016). The power 

of the current study was lower than that of Kliuchko et al. (2016) due to a smaller sample 

size, and hence could have led to less robust results. Based on these results a false negative 

result could not be excluded, hence we ran Bayesian statistics to rule out this option. The 

results of these tests showed mostly substantial evidence for the null hypothesis in case of 

MMN and mostly anecdotal evidence for the null hypothesis in case of the P3 deflection. 

In other words, at least in case of the MMN response, it seems likely that there are no 

differences between noise sensitivity groups based on these data. Even though the stimuli 

were somewhat different from the ones used in the Finnish study, they had a rhythm and 

a noise discrimination deviant and their frequency deviant could be any deviant pitch, the 

experiments were similar. It is concluded that the results of Heinonen-Guzejev et al. (2014) 

and Kliuchko et al. (2016) were not replicated, but the question remains why results differ 

so widely between these studies. More MMN studies are needed to shed light on this matter.

 Another explanation for the null results in this experiment could be that slightly 

different methods were used, such as a relatively short inter-stimulus interval (ISI of 500 

ms, also used by Näätänen et al. 2004, and not uncommon), possibly resulting in baseline 

adjustment problems, and a relatively low amount of trials. In our experiment, the last 200 

ms of each trial were used to set the baseline for the next trial. Setting the baseline, however, 

seemed problematic because of the P3 activity, the return of which to baseline took longer 

than expected. In his 2005 book, Luck recommends to use an ISI of 2000 ms or more to 

prevent influence of a trial on the baseline of the subsequent one. Sometimes drift in the 

Mismatch Negativity (MMN) in high and low noise sensitive individuals
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Table 5.2. Bayes factors (BF01) and interpretations thereof for all deviant types on the 
MMN and the P3. 

MMN P3

Type of  
deviant

Bayes  
Factor

 
Interpretation

Bayes  
Factor

 
Interpretation

Gap 4.789 Substantial evidence for H0 2.132 Anecdotal evidence for H0

Duration 2.920 Anecdotal evidence for H0 0.530 No evidence

Frequency 3.734 Substantial evidence for H0 1.233 Anecdotal evidence for H0

Location 6.537 Substantial evidence for H0 1.235 Anecdotal evidence for H0

Loudness 4.764 Substantial evidence for H0 1.599 Anecdotal evidence for H0

Prior  
expectation: 

 
HNS < LNS

 
HNS > LNS

MMN
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baseline setting epoch was indeed visible due to a lingering P3 potential. It is likely that 

longer ISIs could have prevented this problem, especially if there actually were differences 

in P3 amplitude between the noise sensitivity groups, resulting in baseline setting problems 

that were different across groups. However, compared to the ISI used by Kliuchko et al. 

(2016) ours was actually long (a mere 5 ms for 200 ms tones) and the ISI of Heinonen-

Guzejev et al. (2014) is unfortunately not reported, so it is not possible to draw any firm 

conclusions based on this. Furthermore, an ISI of 500 ms is not uncommon in MMN studies 

as longer ISIs reduce MMN responses, perhaps because of reduced auditory sensory memory 

(Grossheinrich, Kademann, Bruder, Bartling, & Suchodoletz, 2010). For instance, when 

using longer ISI durations, MMN responses are smaller in children that started talking late 

(not resulting in permanent language deficits; Grossheinrich et al., 2010) and in people with 

cognitive decline like in Alzheimer’s disease (Ruzzoli, Pirulli, Mazza, Miniussi, & Brignani, 

2016).

 The used paradigm was developed and reported by Näätänen et al. (2004) as an 

alternative and optimized option of the original oddball task. A complex standard with five 

variables was used so that each deviant diverged on one of these variables, but served as a 

standard for all other variables. Hence, less standards were needed between deviants to elicit 

an MMN response resulting in a much shorter experiment duration. It is, however, possible 

that the data would have been less noisy and the results would have had more power had 

we used the original oddball task. Another explanation could be that the deviants occurred 

too frequently in this design: once in approximately every 10 trials, instead of once in every 

30 trials as would be the case in the original oddball task.

 A final point that should be noted is that, in the process of recruiting participants, it 

was easier to find high NS than low NS people. This was also indicated by Bodin et al. (2012). 

Though many low noise sensitive people filled out the questionnaires, several of them did 

not respond to the subsequent invitation to participate in the EEG-experiment. Low noise 

sensitive people may not feel enticed by the topic of this research as it literally does not 

affect them much.

 To conclude, though previous studies have found indications that noise sensitivity 

may influence cortical auditory processing or that altered auditory processing may be an 

underlying factor of noise sensitivity, no support was found to affirm these notions in the 

current study. On the contrary, when using Bayesian statistics some evidence was found for 

the null hypothesis, indicating that there may be no differences between noise sensitivity 

groups. More research into the biological underpinnings of noise sensitivity is needed in this 

area to come to a better understanding of these processes.
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Acute effects of aircraft noise on the 
heart and nervous system, and the role 

of noise sensitivity in this process

Chapter 6
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Acute effects of noise on the heart and nervous system

Abstract

Field studies have shown relations between chronic environmental noise and faster heart 

rates, ischemic heart disease and high blood pressure. Here, we investigated whether acute 

noise affected heart rate and heart rate variability. Forty-three participants completed a 

baseline and two experimental conditions of 8 minutes each. In the experimental conditions, 

a cognitive task was performed with and without aircraft noise (75 ASEL) respectively. ECG, 

impedance and skin conductance levels were measured in every condition. Noise sensitivity 

was assessed with the noise sensitivity questionnaire (NoiSeQ). Heart rates were faster in 

the condition with noise than without. Furthermore, an indicator of the parasympathetic 

nervous system, the high frequency (HF) component of the heart rate variability (HRV) was 

lower during noise than in the conditions without noise. After splitting participants into a 

high and a low noise sensitive group based on the NoiSeQ questionnaire, it was found that 

high noise sensitive participants showed faster heart rates, lower parasympathetic activity 

(HF band), and marginally higher levels on the LF/HF ratio compared to low noise sensitives. 

The heart showed acute responses to aircraft noise. The results indicate higher activation 

levels and lower resting state levels during noise. These responses may partly be a function 

of noise sensitivity.
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Introduction

 Escaping environmental noise is hardly possible without retreating to uninhabited 

regions. Responses to noise range from being annoyed (Miedema and Vos, 1998) to hearing 

impairments, sleep disruptions, impaired performance and health problems (Basner et al., 

2014; Passchier-Vermeer & Passchier, 2000). One of those health problems is cardiovascular 

disease. Even after a large body of work, the relation between environmental noise and 

heart, blood vessel and nervous system function remains unclear. A systematic review 

of heart disease data by van Kempen et al. (2002) found that the relation with ischemic 

heart disease was not conclusive. Moreover, based on the results of their meta-analysis, the 

authors suspected that publication bias may have been a factor in these results. In his 2006 

review, Babisch stated that the relative risk of noise exposure on ischemic heart disease was 

relatively consistently found at sound pressure levels above 60 dB(A), though results were 

often not statistically significant. Results in another review (Stansfeld and Crombie, 2011) 

were also not univocal. Trends were observed depending on pre-existing disease conditions 

and modifying factors, such as length of residence. In a recent meta-study however, it was 

concluded that the relative risk of ischemic heart disease increased with 6% per 10 dB 

increase in noise, starting at 50 dB (Vienneau et al., 2015). It seems that more research is 

needed to clarify the relationship between noise exposure and ischemic heart disease.

 Below we review the literature on the link between noise and cardiovascular conditions, 

hypertension and arousal, before introducing an experiment on the effects of acute noise on 

heart rate variability and the link with noise sensitivity.

Chronic noise exposure, blood pressure and hypertension

 The systematic review by van Kempen et al. (2002) already mentioned significant 

associations between exposure to occupational and aircraft noise and hypertension. Since 

then, several studies on blood pressure and hypertension have been executed in different 

countries as part of the HYENA consortium (Hypertension and Exposure to Noise near 

Airports). Long-term dose-effect relationships were found between hypertension and both 

nighttime aircraft noise and daily road traffic noise (Jarup et al., 2008). In the cross-sectional 

study of the HYENA network, noise increase was related to higher prescription rates of anti-

hypertensive medication for the UK and the Netherlands, but not for other countries (Floud 

et al., 2011). Also, increases in blood pressure were found during nighttime as a result of 

aircraft noise exposure (Haralabidis et al., 2008). In a longitudinal study, an increased risk 

was found for hypertension among people with relatively high noise annoyance scores 

(Eriksson et al., 2010).

 Elevated blood pressure levels were found in several field studies in which children 

were exposed to environmental noise (Belojevic et al., 2008; Regecová and Kellerová, 1995). 

Higher blood pressure was found in children being exposed to aircraft noise at home, but 
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not at school, whereas surprisingly, a negative association was found between road traffic 

noise and blood pressure (van Kempen et al., 2006).

 Even though these studies were conducted under different circumstances, noise 

exposure seems to be consistently related to elevated blood pressure levels and hypertension.

Chronic noise exposure, heart rate and measures of arousal

 Studies on heart rate (HR) responses, on the other hand, do not paint a clear picture. 

In one study, preschool children, being exposed to relatively high noise levels at night 

and in kindergarten, showed slightly higher heart rates (about 2 beats per minute (bpm) 

more) (Belojevic et al., 2008). These results are in contrast with results from an earlier study, 

in which children actually showed lower heart rates when being exposed to noise levels 

higher than 60 dB(A) (Regecová and Kellerová, 1995). The authors of this study did mention 

that these lower heart rates were unexpected and attributed them to possible activation of 

baroreceptors compensating for high blood pressure in these children, as mentioned above.

 Blood pressure, heart rate and noise exposure were measured during the night in 

dwellings of 140 adult participants, living close to a major airport in Greece, Italy, Sweden or 

the UK. A marginal increase in HR (5.4 bpm) was found as a result of aircraft noise exposure 

during sleep (Haralabidis et al., 2008).

 If noise leads to more arousal, one would expect to see an increase of activity of the 

sympathetic nervous system and a decrease of activity of the parasympathetic nervous system. 

The activity of these two components of the autonomic nervous system can be addressed by 

looking at the frequency domain of the heart rate variability. Also skin conductance levels 

and brain arousal will be taken into account in the discussion of the literature below. Though 

the exact interpretation of the heart rate variability, and more precisely, of the low (LF) and 

high frequency (HF) components are sometimes debated, there seems to be a consensus that 

some information can be derived from these components about the state of the sympathetic 

and parasympathetic nervous system (Akselrod et al., 1981). Especially the interpretation 

of the low frequency band concerning sympathetic arousal is discussed. Eckberg (1997) 

for instance, claims that the sympathetic-cardiac nerve traffic does not exist (thereby also 

stating that the sympathovagal balance (LF/HF) is of no interpretational value), all of which 

is rebutted by others (Sleight and Bernardi, 1998). However, for LF, the consensus seems to 

be that it is affected both by parasympathetic and by sympathetic activity, but that the latter 

has the upper hand (Sztajzel, 2004).

 In one study, the power of the LF component was higher for health care professionals 

on working days (with noise levels up to 63 Leq(C)) than on free days (Sbihi, 2011). The 

sympathovagal balance (LF/HF) did not reach significance.

 To summarize, field studies in children and sleep studies suggest increases in HR by 

noise exposure. However, field studies often leave room for alternative explanations due 

to potential modifying factors and confounds, such as air pollution and participants’ life 

choices.

Acute effects of noise on the heart and nervous system



 110  

Acute noise exposure, heart rate and measures of arousal

 For that reason, researchers have also turned to the more controlled setting of the 

randomized lab experiment to investigate acute effects of noise on heart function and 

arousal. Usually, in these studies participants are exposed to conditions of noise and no noise 

in random order, while heart rate, heart rate variability or skin conductance are measured.

In one such lab experiment, no differences in the mean beat-to-beat (RR) interval were 

found when comparing the responses to 5 minutes of low frequency noise (20 – 200 Hz) at 

background level (below 50 dB(C)) and at 70, 80 and 90 dB(C) (Tseng et al., 2015). However, 

significant increases in power of the LF component and of the sympathovagal balance were 

found indicating that the nervous system was strained by these high levels of acute noise 

(Tseng et al., 2015).

 In another study, less loud noises (neighborhood noise at 45 dB(A) and aircraft noise 

at 48 dB(A)) were used to look at the effects of low intensity noise on HR responses, skin 

conductance and cognitive learning (Trimmel et al., 2012). During the last 5 minutes of 

the task’s training session, the heart rate increased, but only in the aircraft noise condition. 

Aircraft noise may thus lead to a higher physiological strain on top of the task (Trimmel et 

al., 2012). Skin conductance levels (SCL) fluctuated more before and after task performance 

while being exposed to neighborhood noise, again suggesting higher physiological strain.

 In a sleep study (Carter et al., 2002), no habituation of HR responses was seen over 

three nights of consecutive sleep with different levels of recorded noises (55 – 75 LAmax) of 

aircraft (both military and civilian), road traffic and pure tones. The higher sound levels as 

well as noise-induced awakenings resulted in the biggest increases in HR. Additionally, the 

noise led to increased sympathetic vascular tone (Carter et al., 2002). These results indicate 

that the heart keeps responding during sleep. In another sleep study, it was reported that the 

normal fall of HR during sleep was diminished with exposure to continuous occupational 

noise (75 dB(A) and above) compared to a more quiet setting (Gitanjali and Ananth, 2003). 

However, the noisy night in this study was spent in a rice mill, so it cannot be ruled out that 

vibration and possibly also the change of location affected the HR.

 In another laboratory experiment, a stressful arithmetic task (2 min) was alternated 

with recovery periods (4 min) with either nature sounds or environmental noise (Alvarsson 

et al., 2010). During these recovery periods, the ECG and SCL were measured. No effects of 

noise on parasympathetic activation were found, measured by the HF components of the 

heart rate variability. The recovery of the SCL, however, was quicker for nature sounds than 

for environmental noise, indicating that nature sounds enabled stress levels to come down 

(Alvarsson et al., 2010).
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The present study

 Summarizing, even though there seems to be a connection between noise and arousal 

of the autonomic nervous system, results have not been consistent: whereas in some studies 

an effect was found in skin conductance levels, in others it was found only in heart rate, or 

in heart rate variability.

 With the current laboratory experiment, we looked at responses of heart rate, heart rate 

variability and skin conductance to noise in healthy (young) adults during task performance. 

On the one hand we aimed to replicate and strengthen effects reported previously in the 

literature. On the other, we introduced an additional variable that may explain some of 

the inconsistencies in the literature. Noise sensitivity (Stansfeld, 1992), is considered to 

be a stable personality trait, rendering people to attend more to sound, evaluating sounds 

more negatively and showing more difficulty to habituate to sounds. It is a major factor in 

explaining variance of noise annoyance by environmental noise (Miedema and Vos, 2003; 

Stansfeld, 1992). Our two hypotheses were: 1) that acute exposure to noise would lead to 

higher heart rates and arousal, and 2) that noise sensitivity would modulate this effect, 

leading to higher heart rate and arousal levels for high compared to low noise sensitive 

people. So far noise sensitivity was taken into account in just a few heart rate studies. In 

one, it was found that HR responded to road traffic noise in low noise sensitive participants 

but not in high noise sensitives (White et al., 2010). This was explained by the possibility 

that the heart and nervous system of low noise sensitive people may be more able to adjust 

to changing circumstances. It is possible that such differential responding to noise in 

different people may have been one reason for inconsistent results found in the literature. 

In another study (Shepherd et al., 2016), heart rate variability was compared between high 

and low sensitivity to nighttime noise, measured with a subscale of the Noise Sensitivity 

Questionnaire. No significant results were found, which the authors contribute to effects of 

aging with diminishing heart rate variability as a result.

 In this study, heart rate (variability) and skin conductance were measured during a 

baseline condition and two experimental conditions. In the experimental conditions, 

participants performed a cognitive task with and without aircraft noise and filled out the 

Noise Sensitivity Questionnaire (NoiSeQ, Schütte et al., 2007) on the day after the task.

Methods

Participants

 Forty-seven participants took part in this experiment on a voluntary basis. The 

data of three participants were discarded due to problems with the headphones. Data 

of three participants were excluded from the analyses because of technical problems (2) 

and a procedural incident (1). Due to technical problems, age data went missing for three 
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participants and gender data were lost for two participants. Additionally, the link between 

the data and the demographics was broken for twenty-four participants. The data of the 

remaining participants showed a mean age of 21.5 years (SD = 3.3); 73.3% of the participants 

was female. The baseline condition was repeated for one participant because it turned out 

she was chewing gum the first time. Noise sensitivity groups were obtained by using a 

median split on the sensitivity scores. This resulted in two groups: low noise sensitives (LNS) 

(N = 21, M = 39.62, SD = 4.49) and high noise sensitives (HNS) (N = 22, M = 58.72, SD = 

7.83). People with hearing problems were excluded from this experiment. Participants were 

rewarded with either money or study credits. The experiment was approved by the local 

ethics committee and was performed in accordance with the Helsinki declaration.

Materials and Procedure

 After signing the informed consent, participants first received an explanation about the 

experiment and filled out the demographics questionnaire.

 Then seven electrodes were attached to the torso. ECG and torso impedance were 

measured using the Ambulatory Monitoring System (VU-AMS) of the Vrije Universiteit (de 

Geus et al., 1995; Willemsen et al., 1996). Three electrodes used to measure the ECG were 

placed respectively (1) just below the right collar bone, 4 cm right of the sternum, (2) on the 

left lateral margin of the chest between the ribs close to the level of the processus xiphodius 

and (3-ground) on the right side between the lower two ribs. ICG was measured with 2 

electrodes on the chest (at the bottom and top of the sternum) and 2 electrodes on the 

back (respectively 3 cm below and above the two chest electrodes, so the distance between 

the electrodes on the back was approximately 6 cm larger). The sampling frequencies were: 

1000 Hz for the ECG (Electrocardiography) and ICG (Impedance Cardiography) and 10 Hz 

for SCL. Preprocessing of the HRV data and performing Fast Fourier Transformations to 

obtain data from the frequency domain was done with VU-DAMS software, belonging to the 

VU-AMS system. The following frequency bands were looked at: LF 0.04 – 0.15 Hz and HF  

0.15 – 0.4 Hz. Skin Conductance Levels (SCL) were recorded with Velcro straps, with an 

electrode holder inside, around the medial phalanges of the index and middle finger.

 The experiment took place in a sound insulated room. It consisted of three conditions 

of 8 minutes: baseline, noise and silence. The cognitive task, executed during the noise 

and silence conditions was a 3-back task (Kirchner, 1958). All participants started with the 

baseline condition, during which they sat still with their eyes closed while their ECG and 

torso impedance was measured. After the baseline condition, the participants were asked to 

put on the headphones (Sennheiser HD600) and to start the 5 minute training session for 

the 3-back task, followed by the two experimental task conditions. The order of these two 

experimental conditions was counterbalanced across participants.

 The 3-back task is a challenging cognitive task and was chosen to optimally engage the 

participants. During this task letters (lower- and uppercase) were presented on screen during 
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500 ms one at a time. After every letter a decision had to be made by pushing one of two 

response buttons if this was or was not the same letter as three letters before. Targets had a 

probability of 25% and were letters that recurred after two intervening items. By pushing 

one of the response buttons within 2000 ms, the participant designated if a letter was a 

target or not. Feedback was given regularly after every trial. The task was programmed in 

OpenSesame, version 0.25 (Mathôt et al., 2012).

 During the noise condition, two aircraft flyovers (Bergmans and Bøgholm, 2008) were 

played in every minute (75 ASEL, peak levels of 85 LAmax). The aircraft noise samples were 

made binaural by reproducing them in a semi-echoic room with a reverberation time of 

approximately 1 second, while making recordings with a Brüel & Kjær Head And Torso 

Simulator (HATS). The ear-canal resonance introduced by the HATS was corrected for with 

an equalization. The level calibrations were accomplished by equating the levels of the 

equalized binaural samples, reproduced through the headphones (and measured using the 

HATS), with levels measured during loudspeaker presentation.

 The total duration of the experiment was approximately one hour. On the day after the 

experiment, noise sensitivity was assessed online along with several other questionnaires. 

A Dutch version of the Noise Sensitivity Questionnaire (NoiSeQ) was used, containing 35 

items and 5 subscales: Leisure, Work, Habituation, Sleep and Communication (Schütte et al., 

2007).

Results

 A mixed design ANOVA was performed for each dependent variable (see below), with 

condition (three levels: baseline, noise and silence) and noise sensitivity groups (low and 

high) as independent variables. The dependent variables were: heart rate (HR), the low 

frequency band of the HRV (LF), the high frequency band of the HRV (HF), the sympathovagal 

balance (LF/HF), pre-ejection period (PEP) and skin conductance levels (SCL). First, results 

for all participants together are reported here, to show effects of noise without taking noise 

sensitivity into account yet. After that, results between sensitivity groups are addressed. 

Multivariate results (Pillai’s trace (V)) is reported first, followed by the contrasts.

 Figure 6.1 shows results for all measures used in the study. Pillai’s trace suggested that 

HR, HF, LF, LF/HF, PEP and SCL were all affected by condition: HR: V = .461, F(2,40) = 17.087, 

p < .001; HF: V = .259, F(2,40) = 6.986, p = .002; LF: V = .092, F(2,40) = 2.035, p = .144,  

LF/HF: V = .031, F(2,40) = 0.648, p = .528; PEP: V = .047, F(2,40) = 0.997, p = .378 and SCL: V = 

.538, F(2,40) = 23.317, p < .001. Follow-up repeated contrasts were used to compare between 

the noise and the silence condition. HR (Figure 6.1a) was faster during noise than in silence, 

F(1,41) = 34.801; p < .001; r = .68. HF, LF, LF/HF, PEP and SCL were looked at as indicators for 

arousal and autonomic activity. HF (Figure 6.1d), an indicator of parasympathetic activity, 
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was lower in the noise than in the silence condition, F(1,41) = 5.674 ; p = .022 ; r = .35. 

No effects were found for LF (indicator of a combined sympathetic and parasympathetic 

arousal), the sympathovagal balance (LF/HF) (Sztajzel, 2004) or PEP (pre-injection period, 

a different indicator for sympathetic arousal): LF, F(1,41) = 0.401, p = .530, r = .10; LF/HF, 

F(1,41) = 1.115; p = .297, r = .16, and PEP, F(1,41) = 0.459, p = .502, r = .11. For SCL (shown 

in Figure 6.1b), too, no difference was found between noise and silence: F(1,41) = 1.297; p 

= .261, r = .18. Post-hoc analyses discussed in supplemental material showed that baseline 

SCL was higher than that in both the noise and silence conditions, suggesting an effect of 

performing a task.

Figure 6.1. Means and standard error of the mean bars (SEM, corrected for between-participant variation; 

(Cousineau 2005) for the baseline, noise and silence condition for the low (LNS) and high (HNS) sensitivity 

groups: a) Heart rate (HR), b) Skin Conductance Level (SCL), c) Low frequency (LF) component of the heart rate 

variability (HRV), d) High frequency (HF) component of the HRV, e) Sympathovagal balance (LF/HF) and f) 

Pre-ejection period (PEP).
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 We then looked at the main effects of noise sensitivity and the interaction with noise/

silence condition. Figure 6.1a shows that HR was higher in the high noise sensitive group 

(HNS) compared to the low noise sensitive group (LNS; main effect): F(1,41) = 6.041; p = .018; 

r = .36. However, no interaction was found for HR between conditions and noise sensitivity, 

F(1,41) = 2.382; p = .130; r = .23. Figure 6.1d shows that HNS generated lower HF power 

than LNS: main effect F(1,41) = 4.446; p = .041; r = .31, indicating that parasympathetic 

activity was lower in the first group. No interaction for HF power was found between 

conditions and noise sensitivity, F(1,41) = 0.829, p = .368, r = .09. For LF power, no main 

effect of noise sensitivity nor an interaction between noise sensitivity and condition was 

found, respectively: F(1,41) = 2.423; p = .127; r = .24, and F(1,41) = 1.624, p = .210, r = .20. 

A trend (Figure 6.1e) shows that the HNS group scored marginally higher levels on the 

sympathovagal balance (LF/HF) than the LNS group, F(1,41) = 3.336; p = .075; r = .29, but 

there was no interaction with condition, F(1,41) = .187, p = .667, r = .13. No main effect 

of noise sensitivity or interaction between conditions and sensitivity were found for PEP, 

respectively F(1,41) = 1.245; p = .271; r = .17 and F(1,41) = .597, p = .444, r = .12. The same 

was also true for SCL: no main effect of noise sensitivity nor an interaction with condition, 

F(1,41) = 0.515, p = .477, r = .11.

 Post hoc analyses comparing the experimental conditions with the baseline condition 

can be found in the Supplemental Material (located after the references).

Discussion and Conclusions

 With this study, we investigated the effects of acute aircraft noise on heart rate, and 

on measures of physiological arousal such as heart rate variability and skin conductance. 

The overall results show that acute noise has effects on the heart and nervous system. A 

heart rate increase of over 8 bpm was found between exposure to noise and silence. This is a 

larger difference than is generally found in field studies. This difference between field studies 

and our results could be due to chronic versus acute exposure, but it could also simply be 

a result of the relatively high noise levels used here (75 ASEL). Stress or activation was also 

higher when people were exposed to the aircraft flyovers. Parasympathetic activity of the 

nervous system (measured with the HF component) was lowest during the noise condition, 

indicating that the nervous system’s repair mode was less active during noise. Against our 

expectations, sympathetic arousal (LF and LF/HF) and also the pre-ejection period (PEP) 

were not affected by aircraft noise. A lack of effects on LF may have been due to the relatively 

short duration of each condition (8 minutes), which reduces statistical power specifically for 

low frequencies. However, this would not have affected PEP. It seems, thus, that noise mainly 

resulted in a decline in parasympathetic activity, without affecting sympathetic arousal. This 

does not make the effect of noise any less important, as parasympathetic activity is vital for 
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proper organ functions, digestion and restoration. Reduced vagal responses and reduced 

heart rate variability are even associated with a risk for sudden cardiac death (Zipes and 

Wellens, 1998).

 The baseline condition showed numerically surprisingly high levels of HR, LF power 

and HF power (see Figure 6.1a, c and d). An explanation could be that participants were 

affected by the unfamiliar quiet room at the start of the experiment and became more at 

ease in the course of the experiment.

 Furthermore, we found differences in heart rate and heart rate variability between 

high and low sensitive people, although, unexpectedly, these were more overall effects than 

effects related to noise per se. Overall, high noise sensitive participants had higher heart 

rates, lower parasympathetic activity and higher levels on the sympathovagal balance than 

low noise sensitives. Furthermore, a drop in parasympathetic activity was seen in low noise 

sensitives between the baseline and the noise condition, whereas the level remained at a 

constant low for high noise sensitives. These results show a similar kind of unresponsiveness 

of physiological data (White et al., 2010) and are consistent with their idea that high noise 

sensitive people are consistently under higher physiological strain. It could be that this 

strain causes NS people to be overly sensitive to environmental stimuli. This could also 

explain the fact that noise sensitivity is correlated to different kinds of sensitivity, such 

as to heat, cold and light (Öhrström et al., 1988), but also to color, pain, smell and touch 

(Stansfeld et al., 1985).

The step from effects of acute noise exposure to those of chronic noise exposure is not 

straightforward. Results of the present study show short-term responsivity of the heart to 

noise, which suggests that similar long-term effects may also occur. Field research is needed 

to confirm these findings in a longitudinal setting. Up to now, field research has only 

convincingly shown a relation between noise and blood pressure and hypertension; more 

research is needed to gain a better perspective on the effects of noise on other heart and 

arousal parameters.

 In this study we have reported measures that yielded both significant and non-

significant effects. We believe this is important as measures have been reported in the 

literature, suggestive of cherry picking those measures that show significant results. This will 

make future meta-analyses more difficult to perform. It would thus be good if both lab and 

field studies report findings for all interesting variables, whether the results were significant 

or not.

 In our study one noise level was used, and a fairly high one. Future research could focus 

on replicating our findings at several lower noise levels to see if the findings would gradually 

increase with higher noise levels or if there is something like a tipping point. Also, more 

research on the link between noise sensitivity and physiological responses to noise is clearly 

needed.
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 Concluding, high-level aircraft flyover noise evokes acute effects in the heart, leading 

to increased heart rate and decreased activation levels of the parasympathetic activity. These 

responses seem to be modulated by noise sensitivity. The findings add to the indications 

that health issues may arise when people are regularly exposed to environmental noise.
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Summary and discussion

This is a dissertation on the effects of noise, with a specific focus on aircraft noise. The 

original broad approach, intended to understand more about noise annoyance and the 

effects of noise, has resulted in two parts: a subjective part and a physiological part about 

the effects of noise, also in relation to noise sensitivity.

Several factors that have not received much attention in the past years were studied in 

this dissertation. Research questions were: do factors like identity and attitudes (main focus 

of chapter 2) and activity (task versus no-task; main focus of chapter 3) influence noise 

annoyance, and how? Also the order of conditions (as a methodological factor) was taken 

into account in this chapter. In chapter 4, annoyance by CDAs was compared with that of 

regular descents, focusing on duration as a predictive variable for noise annoyance. Below, 

the results of these three chapters will first be recapitulated, followed by reflections. Then, 

in a similar way, the results and reflections of the physiological part will be addressed. The 

main focus of chapter 5 was on mismatch negativity (MMN) responses to noise, followed by 

chapter 6 on heart rate and heart rate variability (HRV) responses to aircraft noise. After the 

summary and reflections of the two parts, some suggestions for future research directions 

are given.

Part I – Subjective responses to noise

Summary

 In Chapter 2, three experiments are described that were conducted to identify the 

influence of the noise source identity on noise annoyance. Participants were engaged in a 

difficult cognitive task (3-back task, Kirchner (1958)), while listening to four noise samples 

(45 s) at four different noise levels (55, 65, 75 or 85 ASEL). The noise samples included 

recorded noise from an A320 aircraft, road traffic noise and, for each of these two samples, 

a transformed/unidentifiable sample with the same spectral energy and build-up as the 

original sample. Participants rated their annoyance after every noise sample, and also during 

a few blocks of silence as a reference. It was hypothesized that participants would judge 

the original, identifiable samples as more annoying than the transformed samples. The 

rationale behind this hypothesis was that the transformed samples would be heard and 

rated without attitudes playing a role (solely on acoustic information), while transportation 

noise would be recognized and regarded as an unwanted byproduct, and thus would lead 

to more annoyance. Results showed that the annoyance was indeed higher for the original, 

identifiable samples, than for the transformed samples.

 However, the design of experiment 1 did not control for the potential confounding 

effects of tonal components, which were filtered out in the transformed samples (and 

spread over the total sample envelope), but were present in the original samples, including 
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prominent Doppler effects. Tonal components are known to increase annoyance (Landström 

et al., 1995; Torija et al., 2008; Vos et al., 2010) and could have explained the drop in 

annoyance for the transformed samples. A third aircraft sample was therefore introduced 

in experiment 2. The noise in the sample was still identifiable as aircraft noise (as shown in 

a pilot with a separate group of participants) but the major tonal components were filtered 

out. Participants in this experiment performed the same cognitive task while listening to 

this new sample and both the original and transformed A320 samples. The original samples 

were rated as most annoying, followed by the identifiable aircraft without major tonal 

components, while the transformed sample was again rated as least annoying. These results 

indicate that tonal components indeed had influenced the annoyance ratings, but seemed 

not to explain all variance between the different samples.

 To disentangle whether the tonal components were solely responsible for the differences 

in annoyance, a third experiment was designed. Experiment 3 essentially was a replication 

of experiment 2, except for the instructions at the beginning for one of the groups. The first 

group of participants was oblivious of the origin of the samples (replication of experiment 

2), while a second group received full disclosure about the making of the samples, but in 

a casual way as if it were not part of the instruction. The results of the first (oblivious) 

group replicated those of experiment 2, whereas participants in the second group rated 

the transformed sample as most annoying. The results of the third experiment confirm the 

idea that tonal components were not the only explanatory factor, but that the identity of 

the noise source was also of influence: when aware that all noise had derived from aircraft, 

people judged the transformed samples very differently from the consistent findings in 

the other group and in the previous experiments. We therefore conclude that knowing the 

identity of the noise source, or in other words recognizing the noise source, is also a factor 

in explaining noise annoyance in addition to tonal components.

 It cannot be ruled out that using a working memory task, such as the 3-back task, 

altered annoyance ratings relative to what they would have been without the task. Sörqvist, 

Stenfelt, and Rönnberg (2012) have shown that there is a positive link between early sensory 

gating and working memory capacity. The higher this capacity, the more the cognitive system 

is capable of suppressing irrelevant sensory information. Potentially, the fact that working 

memory was loaded through the task (lowering available working memory capacity), would 

thus have limited the ability of the participants to filter out the noise. However, even if this 

were the case, it is not likely to have had much effect on the results, since repeated measures 

or mixed designs were used in all of our experiments (with equal loading of working memory 

by the task for all noise samples). Any effect of task would therefore have been orthogonal 

to those of the manipulations. It is therefore assumed that the differences in annoyance 

were a result of the manipulations and not of working memory and attentional processes. 

However, to gain more insight into these processes, a follow-up experiment was conducted 

to address the potential effects of using a task on the results of an experiment.
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 Chapter 3 is a methodological follow-up of chapter 2. A task was always performed by all 

participants in all of the experiments in chapter 2. This in itself could have had an influence 

on the results. The aim of this study was to find out to what extent activity (task versus no-

task) had an effect on noise annoyance and additionally, if the order of noise samples was 

of influence. Participants listened to both the original A320 and road traffic noise and the 

transformed twin sounds in randomized order, again at the same four noise levels (55, 65, 75 

or 85 ASEL). In this experiment they performed the cognitive task only half of the time (task 

condition, 20 min), and spent the other half reading a magazine of their choice (no-task 

condition, 20 min). Annoyance levels were again asked after every noise sample. No effect 

of the type of activity was found on annoyance. However, participants showed stronger 

annoyance responses with increasing noise levels in the no-task condition, especially for the 

transformed samples. It is possible that noise levels became relatively important when the 

participants were not engaged in a task and had no pre-existing opinion on the noise sample 

because it was not identifiable. Apart from that, activity did not seem to cast much influence 

on noise annoyance. Order effects were found however. Noise annoyance was higher in the 

first condition that people were in, and this effect was strongest for the task condition.

 As a result of the findings in chapter 3, additional analyses addressing order were run 

on the results of the experiments of chapter 2, to ensure that order effects of the sound 

samples could not have produced a similar order effect. The results of these analyses can be 

found in the Supplemental Material for chapter 2 (located after the references).

 In a study that was more applied than the previous ones, described in Chapter 4, 

participants rated their annoyance for regular landings (at 2000 ft.) and continuous descent 

approaches (CDAs, at 3000, 4000 and 5000 ft.) in a virtual environment. The aim of this 

study was to see whether the CDAs would induce less annoyance than the regular procedures. 

Against expectation, the CDA at 3000 ft. was rated as more annoying than all other scenarios. 

So, surprisingly, despite the fact that the LAmax level of the 3000 ft. CDA was lower than that 

of the regular procedure, the annoyance was higher. An explanation for this effect is the 

duration of the flyover. As can be seen in Figure 4.2, the rise and fall of the noise produced 

by a regular landing is steeper (due to speed, altitude and angle differences), resulting in a 

shorter flyover duration. This fact is also visible in the ASEL levels for the regular and the 

3000 ft. CDA, which are 79.3 and 79.5 ASEL respectively. The ASEL levels take duration into 

account, but from these levels equal annoyance ratings would be expected. We therefore 

think that duration might be a more important factor in explaining annoyance than it has 

received credit for, as was also supported by earlier findings (Hiramatsu et al., 1978; Zimmer 

et al., 2008). It seems that duration as a variable needs to be addressed further and is in need 

for more adequate quantification. For the time being, it seems that ASEL may be a better 

predictor for annoyance than LAmax. The regular landing in turn was more annoying than 

the CDAs at 4000 and 5000 ft., indicating that CDAs do reduce annoyance when still flying 
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at higher altitudes. In case of a fixed flight path for CDAs, which is often obligatory for 

safety reasons, CDAs could result in less noise annoyance in a large area around the airport, 

but could cause more annoyance in an estimated 2.5 km2 directly underneath the flight 

path, see also Figure 4.4. Considering these findings and the fact that CDAs are less burden 

for the environment (Clarke et al., 2013; Coppenbarger et al., 2009), we therefore think 

that the situation should locally be considered before choosing specific procedures, taking 

local communities underneath the flight path into consideration in addition to safety and 

additional necessities for flight operations.

Reflections on part I

Theoretical reflections

 So how do variables like identifiability, attitude and the activity one is engaged in 

influence the way we perceive noise? What do these results mean and what can we gain 

from them? The most likely explanation for the fact that identifiable noise is considered 

more annoying, lies in the attitude that people already have toward the sound source. When 

uninformed participants were asked to guess the source of the transformed samples after 

the experiment, the most frequent answers were ‘sea’ and ‘wind’, i.e. sources that generally 

have a neutral to happy connotation to them. It is therefore likely that attitudes toward the 

source are a moderating variable in this process. Furthermore, in the third study of chapter 

2, people rated the transformed, unidentifiable sound as least annoying when they were not 

aware of the source, but as most annoying when they knew it was transformed aircraft noise.

 The finding that participants rated identifiable samples as more annoying that 

transformed ones was replicated four times in chapters 2 and 3. This is therefore consistent, 

but not in line with earlier findings by Ellermeier et al. (2004), Fidell et al. (2002) and Zeitler 

et al. (2004). These authors used sound samples that were considerably shorter (2 – 8 s) than 

was the case in our studies (45 s). Though the difference in length of the samples could 

have cast their effect, it is well possible that the short everyday noises that were used by 

Ellermeier et al. (2004) and Zeitler et al. (2004) were considered more neutral or positive by 

the participants than the transportation noise that was used in our studies.

 The findings of chapter 3 may indicate that noise levels became relatively important 

when the participants were not engaged in a task and had no pre-existing opinion on the 

noise sample because it was not identifiable. Apart from that, performing a task or not did 

not seem to cast much influence on noise annoyance. This was not the case for the order 

of the experimental conditions (methodological factor). Noise annoyance was higher in 

the first condition that people were in, and this effect was strongest for the task condition. 

This is could be due to some kind of adaptation process that may run more smoothly when 
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not having to perform a task, maybe caused by the amount of available attention. Salient 

was the sharp rise of annoyance when listening to the unidentifiable sample in the no-

task condition. Because this noise sample was not identifiable to participants, it is unlikely 

that the participants had strong associations and attitudes attached to them on the basis 

of which an annoyance rating can be made. Instead, the exposure level of the sound may 

have been the dominant determinant of annoyance experienced by the participants in this 

case. In the challenging task, on the other hand, attention could have been depleted to the 

extent that an assessment of annoyance caused by the sounds was less precise or accurate. 

This leads to a whole new discussion: Under what circumstances does annoyance get higher 

because the noise interferes with an activity? Or can it also be the case that being engaged in 

an activity can lead the attention away from the annoyance perception, thereby lowering it? 

My guess would be that it depends on the situation and time, but even more on the person. 

It would be very interesting to address the parameters involved in this matter. Maybe an 

attentional and/or physiological approach could shed some light on this, by means of 

matching annoyance responses to brain activity and/or brain response patterns to specific 

noise stimuli.

 The task influencing noise perception is not the only effect possible in this situation: 

though it was not the primary interest, a brief look was taken into the effects of noise on 

cognitive task performance. In the first experiment of chapter 2, it was found that loud 

noises speeded up the responses on the working memory task. This finding is consistent with 

earlier findings in the literature on accessory stimuli, which shows that noise can increase 

arousal leading to faster response times (Hackley & Valle-Inclán, 1999; Han, Liu, Zhang, Jin, 

& Luo, 2013; Söderlund, Sikström, Loftesnes, & Sonuga-Barke, 2010). However, no effects or 

correlations of noise, identity and performance were found in any of our later experiments. 

This suggests that, if there is an effect of noise on task performance, it is not sufficiently 

strong to be consistently found. This is in line with work by Smith (2012), who writes that 

working memory tasks are not impaired much by continuous noise. Transportation noise 

was possibly perceived more as such then we assumed a priori. However, the task does appear 

to have fulfilled the main purpose it was designed to have: according to informal feedback 

given afterwards by the participants, the 3-back task indeed stimulated their engagement 

in the experiments. Although several experiments have shown memory impairment as 

a result of background noise in both adolescents (Sörqvist, 2010) and in adults (Sörqvist, 

Ljungberg, & Ljung, 2010), the fact that no effects of noise on accuracy was found is in 

line with findings by, for instance, Halin et al. (2014). These authors report that high task 

difficulty (the 3-back is very difficult) can function as a shield against impairing effects as 

noise, probably due to the facilitation of selective attention. Noteworthy is that only adults 

participated in the study.

 Surely not only available attention plays a role in these processes. The findings of 

chapter 1 and 2 suggest that attitudes toward the source may be an important factor when 
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trying to explain these results. Especially the fact that the annoyance outcomes on the 

transformed/unidentifiable sample depended this much on the instructions beforehand, 

suggest that the underlying attitudes that people have, guide them in the way they perceive 

what they hear. Attitudinal factors, probably highly linked to trust in authorities, fairness 

and change, have been found to be of influence on annoyance before, as also described in  

chapter 1 of this dissertation. A lack of trust in the authorities led to higher annoyance levels 

than would be expected based on the standard exposure-response curves (Schreckenberg, 

et al., 2017; Schreckenberg et al., 2001), though no such relationship was found in the 

The Netherlands (Breugelmans et al., 2007). Guski (1999) mentioned that without trust in 

the authorities, a lot more complaints are to be expected. The problem with trust is that 

it needs to be earned with years of good behavior1. The factor fairness has received little 

attention in recent years, though Maris et al. (2007) found that when participants were 

asked their preference about flight schedules, their noise annoyance was lower, despite the 

actual schedule that was used. Also a change of situation was found to be related to excess 

responses of annoyance (higher than could be expected based on exposure-response curves) 

(Brown & van Kamp, 2009a, 2009b) and even of self-reported physiological symptoms 

(Hatfield et al., 2001). More studies to confirm or specify the effects of these factors on 

the attitudes that people develop are needed, especially in case of the perception of fair 

treatment and honest/better communication.

 Another example of the importance of honest and correct communication follows from 

the results of and reflections on the Continuous Descent Approach (CDA) study in chapter 

4. As far as we know, this study was the first in its kind, and the results have direct and 

indirect implications. A direct implication is that it seems important to not automatically 

assume that a CDA flyover or any new kind of flight operation is less annoying for the 

people on the ground. Though I did not find any official reports stating wrong facts, reports 

can easily be misinterpreted when not read very carefully. A (Dutch report) for instance 

correctly stated: “Schiphol airport has the intention to change toward the more broad 

use of noise reducing take-off and landing procedures (p.1). .... The new procedures could 

cause higher exposure levels directly underneath the flight path. But because of the smaller 

Chapter 7

1 Regaining trust is not an easy task. It means years of honest communication, it means that sometimes economic 

incentives should make place for community interests and it entails excellent communication skills in policy 

makers, airport representatives and strategists. I once witnessed an important politician burst into laughter 

when a concerned inhabitant asked him to replace the loss of value of his house due to changes around Schiphol 

Airport. It does not matter how unrealistic the question is, communities should always be approached with 

respect and compassion or the result will be more anger and more complaints. A positive change in attitudes is 

not likely to happen as long as people distrust the authorities and feel that they are treated unfairly.
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area that is being exposed and the lower population density, a remarkable decline of the 

amount of annoyed people and exposed dwellings is to be expected” (Commissie voor de 

milieueffectrapportage, 2016, p. 3, translation by the author). Articles in newspapers were 

sometimes phrased less opportune, leaving room for wrong conclusions, for instance an 

article in newspaper Trouw (Sjouwerman, 2007, translation by the author): “Such gliding 

flights are also executed in The Netherlands at night, but only to reduce nighttime noise 

annoyance.” This kind of miscommunication, which is much more likely to be read by 

the public, can lead to all kinds of positive but false expectations about nighttime noise, 

in turn increasing annoyance when the actual situation is disappointing. As our results 

show and the report already indicated, there may be a certain area underneath the flight 

path where people experience more annoyance. This is especially unfortunate if all CDA 

procedures are required to follow the same flight path, as is often the case. Good and honest 

communication is therefore vital when dealing with topics as delicate as aircraft noise and 

annoyance.

 As already mentioned in the chapter summary above, a second implication of the 

CDA study is of a more technical nature: duration may be a more important predictor for 

noise annoyance than was previously assumed. Previous research on effects of duration 

on annoyance (of which there is little) has led to contradictory results. Hiramatsu, Takagi, 

Yamamoto, and Ikeno (1978) found linear increases of annoyance with white noise samples 

ranging from 30 ms to 90 s. The article is however unclear about whether the results are 

statistically significant (but judging from the F-values they are unlikely to be). Varying 

duration times for noise samples were used in a study containing two experiments (Zimmer 

et al., 2008). Participants performed a memory task while listening to several kinds of noise 

samples with a duration of 14 s in the first compared to 10 min in the second experiment. 

Though the longer exposure duration resulted in more annoyance, the authors stress that 

the amount of interference by the noise should be taken into account when regarding 

noise annoyance (Zimmer et al., 2008). Though both these experiments and our study, 

as described in chapter 4, showed annoyance increases with increasing durations, more 

research is needed to confirm these findings using several other duration lengths.

 Duration is not directly taken into account when calculating exposure-response 

relationships. This could be one of many reasons why exposure-response curves are less 

well at predicting annoyance than they used to be (Babisch et al., 2009; Brooker, 2009; 

Schreckenberg et al., 2010). To predict annoyance more accurately in exposure-response 

curves, duration should also be taken into account in addition to a number of other factors 

already mentioned above and in chapter 1, such as change, policy, trust in the authorities 

and fair treatment.
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Methodological remarks

 Moving on to the methodological remarks following the results of chapter 3: the order 

effects that were found suggest that there may be some kind of habituation or adaptation 

effect causing people to report annoyance primarily at the start of the study and less so 

later on. Earlier studies, however, did not show any adaptation or habituation effects on 

sleep quality, mood and performance (Öhrström & Björkman, 1988) nor on tendency to 

focus on the noise and the ability to cope with the noise (Weinstein, 1982). Other studies 

on habituation and adaptation usually deal with long-term processes, making them less 

comparable. For instance, Kuroiwa et al. (2002), found that subjective sleep ratings did show 

habituation to road traffic noise, while the coinciding physiological parameters did not 

confirm these subjective results. Some habituation for noise-induced sleep problems was 

found in another study, but not for annoyance (Bluhm, Nordling, & Berglind, 2004). In 

their recent WHO review on noise interventions and their effects on health, Brown and 

van Kamp (2017) found no evidence suggesting that adaptation played a part in any of the 

processes. Question is however, to what extent these long-term processes are related and 

comparable to the observations that were made in chapter 3 of this dissertation.

 Another explanation could be that lack of familiarity with the annoyance scale has 

contributed to the order effects. It is possible that people have the inclination to report 

relatively high annoyance levels until they are familiarized with both the scale, the type 

of noises and the range of noise levels used in the experiment, after which they switch to 

answers that they think do more justice to the noise. In future research, a study could be 

conducted in which one participant group spends time to familiarize themselves with the 

scale first while a second participant group starts the experiment without. Furthermore, 

this experiment has shown that even in experiments using multiple conditions, settings or 

situations using counterbalancing techniques, the results should be checked for order effects 

to avoid potentially wrong conclusions.

 For this dissertation, it was specifically chosen not to follow the standard annoyance 

categories of highly annoyed (HA), annoyed (A) and low annoyed (LA) that are often used in 

the field. Reason for this choice is that it seems a shame to throw away valuable information 

by transforming a linear scale into a categorical scale in a research context. Secondly, even 

though standardized questions to assess noise annoyance were formulated by Fields et al. 

(2001; ISO/TS 55666:2003), other questions and response options are still used on a regular 

basis for various reasons. Categorizing from several different scales enables researchers to 

compare their studies to previous work in the field. A methodological question is however to 

what extent these comparisons can indeed be made, taking into account that different noise 

sources and noise levels and quality of noise may have been used. Furthermore, also cultural 

differences and subsets of participants can influence the outcomes, resulting in categories 

that may look the same, but are actually not (entirely) comparable. Recently, also Guski 

(2017), in his review for the new WHO Environmental Noise Guidelines, has expressed his 
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concerns about these categories, stating that also changes in annoyance over time will be 

more difficult to detect without the raw scores.

Part II – Physiological responses to noise

Summary

 Acute physiological responses to noise were addressed in part II of this dissertation. 

Noise sensitivity was given a very important role in this second part, because it is one of the 

most predictive personal non-acoustic factors explaining noise annoyance. When addressing 

physiological responses to noise, it is important to be aware that potential biological markers 

of noise sensitivity could be able to account for a substantial amount of variance. If so, it 

would be a mistake to analyze the participant pool as a unity, instead of making a division 

based on noise sensitivity. We thus decided to specifically address the physiological base of 

noise sensitivity in addition to acute physiological responses to noise.

 Firstly, for chapter 5, a Mismatch Negativity (MMN) evoking experiment was conducted 

to learn more about noise sensitivity and its potential biological markers. Though all brain 

response differences between the sensitivity groups would be interesting, we specifically 

chose to address the MMN and P3 deflections as outcome measures. The MMN response is a 

brain deflection that is only present when hearing (or seeing in a visual context) stimuli that 

are deviant from preceding stimuli. In case the MMN response would be present more often 

or show larger amplitudes in more sensitive individuals, this could indicate that a more 

sensitive brain is constantly overwhelmed by new and deviant stimuli. The P3 response, 

when present, shows that the person is paying attention to a stimulus. We addressed the P3 

response because we assumed that high noise sensitive people would have more difficulty 

to not pay attention to stimuli even though they were asked to in the instructions. EEG 

measurements were made while participants passively listened to an optimized version of 

the oddball task (Näätänen et al., 2004) while watching a silent film by Buster Keaton (1922) 

to distract them from the noises. Participants were selected for a high or low noise sensitivity 

group based on their scores on the NSS and NoiSeQ questionnaires. We expected to see 

higher MMN and P3 amplitudes in high noise sensitive people than in low noise sensitive 

people. However, no differences between the noise sensitivity groups were found on either 

of these measures.

 Acute responses of heart rate (HR) and heart rate variability (HRV) responses to aircraft 

noise were addressed in chapter 6. The role of noise sensitivity in this process was also taken 

into account in this study. ECG recordings were made in a sound insulated room in three 

8-min conditions: baseline (always first), task performance in silence and task performance 
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with aircraft noise (counterbalanced order). Higher mean heart rates (around 8 bpm (beats 

per minute) extra), were found in the condition with noise compared to the one without. 

This is a larger increase than found in previous studies. When looking at the HRV, we found 

that parasympathetic activity was lower in the noise condition compared to the silence 

condition. The parasympathetic nervous system manages bodily recovery, repair and build-

up. Noise diminished the activity of the parasympathetic nervous system, which indicates 

that noise exposure inhibits these important recovery processes. We also expected to see 

increased activity of the sympathetic nervous system, which is in charge of fight, flight and 

fright responses, as well as general activation of the individual. This is not what we found. 

There was no increased power of the low frequency band, LF, nor were the sympathovagal 

balance (LF/HF) or the pre-ejection period (PEP) affected by the noise. It thus seems that 

stress levels were not increased by the aircraft noise.

 Again the participants were divided in two groups based on their noise sensitivity 

scores, but this time using a median split (not selecting extremes). Even though the resulting 

two groups indeed did not show extreme ratings on the scale, some interesting physiological 

differences between the two groups were found nonetheless. High noise sensitive participants 

exhibited higher heart rates, lower parasympathetic activity and marginally higher levels 

(trend) on the sympathovagal balance compared to low noise sensitive participants. In 

addition, low noise sensitives demonstrated lower parasympathetic activity (indicative of 

body restoration processes) during noise than in the baseline condition, while this was not 

the case in the sensitive subjects.

Reflections on part II

Theoretical reflections

 We were surprised not to find any effects in the MMN study, because in a study that 

was carried out around the same time (Kliuchko et al., 2016), MMN deflections were found 

to have bigger amplitudes in low compared to medium and high noise sensitive individuals. 

Question is why these results were not replicated in the current study. When comparing 

our stimuli with those of Kliuchko et al. (2016), it is clear that a location, an intensity and 

a pitch (frequency) deviant were used in both studies, but three different types of deviants 

were used in their study: noise, pitch slide and rhythm, compared to gap and duration 

deviant in ours. Both the standard and the deviants were longer in the Kliuchko et al. (2016) 

study, around 200 ms, and were synthesized piano tones in different pitches. Both studies 

used a separate time window for each deviant to locate the matching MMN response. In 

case of Kliuchko et al. (2016), these windows started between 70 – 150 ms after stimulus 

onset, which means that the MMN response must have already started before the stimulus 

had ended. These stimulus differences may have led to the difference in results between the 

studies.
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 Though the study by Kliuchko et al. (2016) had substantially more statistical power, 

the results in our study did not suggest that more power would have made a difference. A 

reason for these findings could be that we encountered a problem in setting the baseline for 

the event related potentials (ERPs). The 200 ms interstimulus interval that was used to set 

the baseline for every subsequent trial (following the instructions by Näätänen et al., 2004, 

who created this paradigm) should in hindsight have been substantially longer. Luck (2005) 

recommends an interstimulus trial of 2 s or more to prevent late potentials of one trial to 

influence the next trial. Indeed, a lot of drift was visible in our data as the residue potential 

of the P3 response was within the timeframe of setting the baseline for subsequent trials. 

Longer interstimulus intervals could have prevented this problem, but it is also possible 

that more trials were needed in addition. We chose to use the paradigm that was described 

by Näätänen et al. (2004) as a successful attempt for an optimal paradigm for the original 

oddball task. By using a complex stimulus as a standard, each deviant alters just one of the 

characteristics of the standard, and thereby confirms the standard features that are altered 

by the other deviants. Because each deviant also functions as a standard in this system, it is 

possible to strongly reduce the amount of trials that is typically needed for an oddball MMN 

experiment, rendering the duration to approximately 18 minutes, which sounded very 

enticing. Although Näätänen et al. (2004) describe successful results using these settings, 

it seems probable that the data in the current experiment could have been better and less 

noisy in case we had used significantly more trials and longer inter-stimulus intervals.

 The results by Kliuchko et al. (2016) are interesting and suggest a biological substrate 

for noise sensitivity, but more research is needed to confirm these findings, as our results do 

not replicate them. While the present MMN study did not confirm a biological base for noise 

sensitivity, some interesting findings in that direction were found between the sensitivity 

groups in the HR study in chapter 6. Though higher HR in high noise sensitive people was 

found before by Stansfeld (1992), marginally higher power (trend) of the sympathovagal 

balance and lower parasympathetic power compared to low noise sensitives are interesting 

new findings. Most salient was the finding that this low parasympathetic power in the high 

noise sensitive group was consistently low, while the low noise sensitive group showed a drop 

in parasympathetic activity after the baseline condition. This effect suggests that high noise 

sensitive people are under a constant strain, resulting in attenuating restorative processes of 

the body. The question is whether noise induces such a strain on these people that the effect 

lingers on after the noise has stopped, or that these results should be interpreted along the 

lines of a more generic sensitivity (see for instance van Kamp & Davies, 2013). It seems at 

least that the experiment was more stressful in general for the high than for the low noise 

sensitive group. Noteworthy is that in a similar study using road traffic noise, no results were 

found between the groups on HR and sympathovagal balance (White et al., 2010). What is 

similar between that study and the one in chapter 6, however, is the unresponsiveness of the 

HRV in high noise sensitive people which was observed in both studies. It appears that the 
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HRV in the high noise sensitive group is unresponsive across conditions, while this is not 

the case in the low noise sensitive group. This is counterintuitive, but could be a marker for 

a constantly overloaded system. This is something interesting to address in future studies.

 It is also possible that the unresponsiveness of the nervous system is a mathematical 

bias due to the high HR in the high sensitive group. However, in White et al. (2010), the 

heart rates were generally a bit lower in the high noise sensitive group than observed in 

this study, while similar results were found. Potential explanations for this difference in HR 

across the studies are that the participant sample in this study was fairly young, so their 

hearts may have been more responsive than would be expected from slightly older people. 

Though aircraft and road traffic noise differ in many ways, the noise levels used in the two 

studies were fairly similar. It is also possible that the test situation was partly responsible for 

the unexpected results in the baseline condition, which showed unexpectedly high heart 

rates, LF and HF power. Speaking to participants after the experiment, it became clear that 

sitting in an unfamiliar well-insulated room with shut eyes may have been more stressful 

than we had realized up front. In hindsight, it would have been better to start with a longer 

period of adjusting to the situation (for instance by introducing a pretest situation), followed 

by the task conditions and to have ended with the baseline condition. This however, still 

does not explain the differences between this study and the one by White et al. (2010), as 

a similar procedure was used there. All in all, it is interesting that these results between the 

sensitivity groups were found in the present study even though we did not select extremely 

high or low noise sensitive people. More research is needed to confirm these effects.

 Other studies that looked into physiological differences between high and low noise 

sensitive individuals have addressed several other outcome variables. High noise sensitives 

showed attenuated filtering processes of incoming stimuli (sensory gating) with a potential 

overload of information as a result (Shepherd et al., 2016), more active early attentional 

processes (Kliuchko et al., 2016), higher brain arousal (White et al., 2010) and a combination 

of higher sympathetic and decreased vagal arousal during noise (Shepherd et al., 2016) 

compared to low noise sensitive people. Moreover, genetic markers for noise sensitivity were 

found in a twin study (Heinonen-Guzejev et al., 2005). Though these are several interesting 

findings suggesting biological markers of noise sensitivity, hardly any of these findings have 

been replicated - even though noise sensitivity as a topic has received a lot of interest again 

in the past decade. Question is of course if any studies have been carried out addressing 

noise sensitivity and biological markers which were not published; it is possible that there 

is a publication bias concerning this topic, leaving null results (and replication fails) on 

this topic unpublished, such as the results of chapter 5 currently. It has been said many 

times before, but if journals do not start accepting manuscripts with well-designed and well-

executed studies returning zero results, the research community will continue to waste time 

and means to address the same questions over and over again. At this point, several more 

studies are needed to shed light on these processes and to replicate or undermine the state-

of-the-art on this topic.
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Methodological remarks

 As is the case with every kind of research, laboratory experiments have their pros and 

their biases. Generalizability can be pointed out as the main issue, considering that both 

the surroundings of the experiment and the participants were not representative for the 

field and the general population. Measuring mostly students was not merely a choice of 

convenience. It was deliberately chosen not to target inhabitants of the municipalities close 

to Amsterdam Airport Schiphol. For the studies on identifiability I specifically wanted people 

to be honest in the experiments, without a potential urge to ‘make a point’ hoping that the 

study results would lead to an improvement of their daily situation at home. Furthermore, 

for the EEG study targeting noise sensitivity, it was necessary to broaden the search criteria 

for participants. However, the advertisements did not generate as many participants we had 

hoped for and after participants had filled out the questionnaires, quite a few low noise 

sensitive people refused to participate in the EEG experiment. Question is to what extent 

this process may have influenced the results.

 Another laboratory bias could have derived from the use of a very quiet, sound-

insulated room for all of the experiments described in this dissertation. It is possible that 

some participants did not (immediately) feel at ease in these quiet surroundings. In chapter 

6 (HRV study), this may have led to unusually high heart rates in the baseline condition. 

Furthermore, in all experiments using aircraft and road traffic noise, it is unclear to what 

extent participants felt immersed in their environment. It is to be expected that immersion 

was better in the VR experiment than in the others, but it remains a black box. The reason 

to still feel confident about the results, is that a within-participant design was used in all the 

experiments. It is possible that the exact annoyance ratings in the field would have been 

different, but it can be expected that the differences between the conditions would remain 

the same.

 Due to the increasing popularity of the NoiSeQ (Schütte et al., 2007) in recent years, 

we have been inconsistent in the use of noise sensitivity scales. For the analyses of the 

HRV experiment (chapter 6, carried out in the first half of 2014) the Noise Sensitivity Scale 

(NSS) was used (Weinstein, 1978), while a combination of the NSS and the NoiSeQ was 

used to select high and low noise sensitive individuals for the MMN experiment (chapter 5, 

carried out in 2015/2016). The main reason for this inconsistency were discussions during 

Internoise2014 (which took place in November), where several researchers expressed the 

idea that the NoiSeQ may be a more reliable and valid instrument than the NSS. Around 

this time a shift toward the use of the NoiSeQ is also visible in the literature. While both 

questionnaires were collected in all experiments, we deliberately decided not to analyze 

the results of chapter 6 a second time with the NoiSeQ because data phishing then would 

have been too easy. We still plan to write a methodological paper with a re-analysis of 

all experiments to compare the questionnaires. This article falls outside the scope of this 

dissertation.

Summary and discussion
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 To assess annoyance, we stayed as close as possible to the Dutch version of the 

standardized question that was proposed in Fields et al. (2001; ISO/TS 55666:2003). 

Unfortunately, because of a software issue, it was not possible to use the proposed 11-point 

Likert scale. Instead, we used a 10-point scale in chapters 2 and 3. The proposed 11-point 

scale is used in chapter 4. As a result, the annoyance scores cannot directly be compared 

between the experiments and with results in the field using the same question. Most 

important for the results in this dissertation however, is that the results of chapter 2 and 3 

are comparable as they are strongly connected. Furthermore, because the scale is so large, 

we expect that scores in our experiments will be very close to those had an 11-point scale 

been used. It is highly likely that other differences between experiments had larger effects 

on annoyance than the effect of missing a point on the scale. Another potential bias of the 

use of the standardized question (intended to assess annoyance at home) is the fact that 

participants were asked to assess how annoying they expected the noise to be in their home 

situation, while they were sitting in the laboratory room. It is unclear how this mental 

translation of location has affected the annoyance scores and if this translation differed 

much between participants. Though the effects between conditions probably were not 

affected much because of the within subject designs, it is advised not to introduce this type 

of mental translation if one can avoid it. In other words, a good standardized question is in 

need for laboratory situations.

 Another point, concerning generalizability is air pollution. Noise is rarely the only 

component affecting health when studying people’s home situations. It is known that air 

pollution also affects the heart (Pope III et al., 1999; Sinharay et al., 2018). Although some 

ambient pollution level of NO2 and particulate matter will surely have been present in the 

lab rooms that were used, it is likely that levels were lower than outside on the street. In that 

sense, the findings in the lab are likely to be purer indications of noise effects than findings 

of field studies that did not control for air pollution. Though air pollution is taken into 

account in noise field studies more and more, it is a factor to be aware about. Furthermore, 

it may be time that these factors will be more integrated in research, i.e. studies could focus 

on annoyance, cognitive and/or health effects in exposed areas, taking all kinds of exposure 

into account depending on the area.

Future directions

 With this dissertation, contributions have been made to the field of noise annoyance 

by aircraft noise in a laboratory setting, with key research questions concerning subjective 

(part I) and physiological responses to noise (part II). In part I, subjective responses to factors 

such as the role of source identity and the type of activity that one is engaged in during 
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noise exposure and their influences on noise annoyance were studied. Furthermore, the 

effects of CDAs on noise annoyance was addressed for the first time and condition order was 

looked at as a methodological factor to take into account when setting up an experiment. 

In part II, the physiological effects of noise on health outcomes such as brain responses and 

responses of the heart and nervous system were addressed, taking also noise sensitivity into 

account. As is usually the case, these research findings have in turn led to new questions. 

Below, some suggestions for future research are formulated.

 Several follow-up studies on the ones presented in this chapter would be worthwhile, 

for instance addressing the role of attitudes and habituation on noise annoyance. Regarding 

attitudes, it would be interesting to repeat the last experiment of chapter 2 (with 2 groups, 

one of which is aware of the production method of the samples) in a few different settings. 

The experiment could be repeated with different kinds of noise with different connotations 

to replicate the findings of chapter 2 in a broader perspective. For instance, noises with 

happy connotations could be used. Furthermore, an intervention study on attitudes could 

be added to unravel if the current results are indeed mediated by attitudes. This could be 

done by actively trying to change people’s attitudes about a sound source, using for instance 

stories and gadgets to affect people. It could be worthwhile if also communication experts 

would address annoyance topics more often. Bad communication potentially accounts for a 

lot of unnecessary annoyance. This is in line with one of the conclusions by Brown and van 

Kamp (2017), in which is stated that policy makers should be informed about change effects 

that can coincide interventions that are made on the infrastructure.

 Other topics that deserve renewed attention are for instance: fear, the difference 

between continuous and intermittent noise, coping, perceived control, effects of policy and 

trust in the authorities, feelings of unfair treatment, and identity of the noise source. This 

list is far from complete, but it seems to me that the topics I have mentioned here may be 

more important predictors of noise annoyance than they are credited for at this point.

 It may not be a new direction, but I think that there is promise within the field of 

soundscaping. A soundscape can be seen as the total of all heard events in an environment 

(Schafer, 1977), taking into account all meanings, expectations and emotions that are 

prompted by the location (Botteldooren et al., 2011). Within the field of soundscaping, 

researchers and urban designers work together to shape the environment. When attenuation 

of exposure levels is not a realistic option, then organizing public areas in a smart way can 

modify the perception of these areas for the better. For instance by adding a water feature 

such as a fountain, part of the background noise may be masked by the fountain sound 

(Axelsson, Nilsson, Hellström, & Lundén, 2014), which is considered as pleasant by many 

people. According to Brown (2012) it is not even about masking, but about dominance of 

preferred sounds over unwanted sounds. Also visual attributes with a positive connotation 

can add to the perception of an acoustically more pleasant environment (Lugten, Karacaoglu, 
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& White, 2017). While soundscaping is not a topic of this dissertation (and without wanting 

to introduce it in large detail on the last page of it), it is worthwhile to mention that, to the 

best of my knowledge, the study by Lugten et al. (2017) is the first soundscaping study using 

aircraft noise. More studies are needed to see if soundscaping interventions can be of use in 

public spaces with aircraft noise.

 Last but not least, vulnerable groups should be taken very seriously. In case of noise, 

especially children and noise sensitive people deserve to be protected from a human and 

health point of view.
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Dit proefschrift gaat over de effecten van geluid op de mens, met een specifieke focus op 

vliegtuiggeluid. Er is een brede aanpak gehanteerd die heeft geleid tot een proefschrift in 

twee delen: een deel over subjectieve en een deel over fysiologische effecten van geluid, 

waarbij ook specifiek is gekeken naar de rol van geluidgevoeligheid.

 In het subjectieve deel beschrijft hoofdstuk 2 wat de invloed is van factoren zoals de 

identiteit van de geluidsbron en attitudes op de geluidhinder. In hoofdstuk 3 ligt de nadruk 

op het effect dat het al dan niet uitvoeren van een taak heeft op geluidhinder, waarbij ook 

is gekeken naar volgorde-effecten. Hinder door Continuous Descent Approaches (CDA’s; 

soort glijvluchten naar de landingsbaan) wordt in hoofdstuk 4 vergeleken met de hinder 

veroorzaakt door gewone (getrapte) landingen. Hierbij is ook gekeken naar de voorspellende 

waarde van de overvliegduur op de hinder.

 In het fysiologische deel wordt in hoofdstuk 5 eerst ingegaan op de effecten van geluid 

bij hoog en laag geluidgevoeligen op EEG-maten zoals de Mismatch Negativity (MMN) en 

de P3 (aandachtsmaat). In hoofdstuk 6 staan vervolgens de effecten van vliegtuiggeluid op 

het hart en zenuwstelsel centraal.

De resultaten van al deze hoofdstukken worden hieronder uitgebreider besproken.

Deel 1 – Subjectieve effecten van geluid 

 In hoofdstuk 2 staan drie experimenten beschreven over de invloed van de identiteit 

van een geluidsbron op geluidhinder. Tijdens het eerste experiment voerden de deelnemers 

een moeilijke cognitieve taak uit (3-backtaak), terwijl ze via een hoofdtelefoon luisterden 

naar vier verschillende geluidsfragmenten (van 45 s) die elk op vier geluidsniveaus (55, 65, 75 

en 85 ASEL) werden afgespeeld. Twee van deze fragmenten waren opnames. Het betrof een 

opname van een A320 (Airbus 320) vliegtuig en een opname van wegverkeer (het langsrijden 

van vijf auto’s en één vrachtwagen). De twee andere geluidsfragmenten waren bewerkingen 

van de opgenomen fragmenten, waarbij de geluidssterkte en het verloop van de fragmenten 

werden gehandhaafd, maar de inhoud van het fragment door ruis werd vervangen. Dit heeft 

onherkenbare fragmenten opgeleverd die toch even ‘luid’ waren, dezelfde toonhoogtes 

bevatten en op dezelfde manier in de tijd fluctueerden als de originele fragmenten. Na elk 

geluidsfragment werd de deelnemers gevraagd een hinderscore toe te kennen aan het zojuist 

gehoorde fragment. De hypothese was dat deelnemers aan de studie de originele fragmenten 

hinderlijker zouden vinden dan de bewerkte geluidsfragmenten. Deze hypothese kwam voort 

uit het idee dat attitudes een rol spelen terwijl mensen naar herkenbare geluiden (zoals van 

vliegverkeer) luisteren, en dat dit niet het geval is bij het horen van onherkenbare geluiden. 

Aangezien transportgeluid vaak als een ongewenst bijproduct wordt gezien (attitude), werd 

verwacht dat de originele fragmenten in verhouding tot hogere hinderscores zou leiden. 

Dit was inderdaad het geval. De hinderscores waren hoger voor de originele dan voor de 
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bewerkte geluidsfragmenten.

 In de opzet van experiment 1 is echter niet gecontroleerd voor de eventuele effecten 

van tonale componenten (opvallende tonen in een fragment of ruis), die wel aanwezig zijn 

in de originele fragmenten maar die bij de bewerkingen verloren zijn gegaan. Van deze 

tonale componenten is bekend dat ze hinderlijker zijn dan bijvoorbeeld een constante 

ruis (Landström et al., 1995; Torija et al., 2008; Vos et al., 2010). Om te achterhalen of 

de afwezigheid van tonale componenten de gevonden effecten van experiment 1 konden 

verklaren, is een nieuw geluidsfragment gemaakt voor experiment 2. Dit nieuwe fragment 

was ook een bewerking van de originele A320-opname, maar bij dit fragment zijn alleen de 

belangrijkste tonale componenten (zoals Dopplereffect) eruit gefilterd en als ruis verspreid 

over de rest van het fragment. Het resultaat was een geluidsfragment dat nog wel herkenbaar 

is als afkomstig van een vliegtuig, maar zonder de prominente tonale componenten van 

het origineel. Omdat het op die manier bewerken van het wegverkeersgeluid technisch niet 

goed mogelijk was, zijn de wegverkeersgeluiden niet meegenomen in dit en in het derde 

experiment. Uit de resultaten van dit tweede experiment kwam naar voren dat deelnemers 

het originele geluidsfragment het meest hinderlijk vonden, gevolgd door het fragment zonder 

prominente tonale componenten (het nieuwe fragment). Het onherkenbare fragment werd 

wederom als minst hinderlijk ervaren. Deze resultaten geven aan dat de tonale componenten 

inderdaad van invloed waren, maar niet hoe belangrijk deze invloed was.

 Om te achterhalen of de identiteit (en daarmee de herkenbaarheid) ook een aandeel 

had in de resultaten van de voorgaande experimenten is een derde experiment uitgevoerd. 

Dit derde experiment was in opzet een replicatie van experiment 2, behalve dat de helft van 

de deelnemers vooraf andere instructies kreeg. De deelnemers werden aselect toegewezen 

aan één van twee deelnamegroepen. Voor groep 1 was dit experiment een volledige replicatie 

van experiment 2, dus de deelnemers in deze groep wisten niet dat het bewerkte geluid 

vliegtuiggeluid als basis had. Dit was niet het geval voor de deelnemers in groep 2. Aan 

hen werd voor het experiment tussen neus en lippen door verteld dat alle geluid tijdens 

het experiment afkomstig was van vliegtuigen, of het nu herkenbaar voor ze was of niet. 

Getracht werd om dit gedeelte van de instructie zodanig te brengen dat het leek alsof het 

geen officieel onderdeel hiervan was. De resultaten van de eerste groep (niet op de hoogte) 

waren een replicatie van de resultaten van experiment 2, dus zij vonden het onherkenbaar 

gemaakte geluid het minst hinderlijk. De deelnemers van de tweede groep (volledig op de 

hoogte) rapporteerden echter dat zij het onherkenbare, bewerkte geluid het meest hinderlijk 

vonden. Zij weken hiermee af van de resultaten van de eerdere experimenten. Op grond 

daarvan valt te concluderen dat het (her)kennen van (de identiteit van) een geluidsbron 

volgens verwachting ook van invloed was, naast het effect van eventueel aanwezige tonale 

componenten.
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 Hoofdstuk 3 is een methodologisch vervolg op hoofdstuk 2. In hoofdstuk 2 voerden 

de deelnemers altijd een taak uit terwijl de geluidsfragmenten speelden. Deze taak kan van 

invloed zijn geweest op de absolute resultaten (maar niet op het patroon ervan). Het doel 

van dit experiment was om het effect te achterhalen van het al dan niet uitvoeren van een 

taak. Daarnaast is er bekeken of er sprake was van volgorde-effecten. Tijdens dit experiment 

luisterden de deelnemers naar de geluidsfragmenten die hierboven beschreven zijn voor het 

eerste experiment van hoofdstuk 1, op dezelfde vier geluidsniveaus (55, 65, 75 en 85 ASEL). Ze 

voerden nu echter maar tijdens de helft van de tijd de 3-backtaak uit (taakconditie; 20 min), 

en mochten tijdens de andere helft lezen in een tijdschrift naar keuze (geen-taakconditie; 

20 min). Of men begon of eindigde met de taak werd willekeurig bepaald. Ook tijdens 

dit experiment werd de deelnemers na elk fragment om een hinderscore gevraagd. Uit de 

resultaten bleek dat het type activiteit (wel of geen taak) hoegenaamd geen effect had op de 

hinderscore. Wel vertoonden de deelnemers in de geen-taakconditie relatief sterk stijgende 

hinderscores met toenemende geluidsniveaus, met name tijdens de bewerkte fragmenten.

Mogelijk woog de sterkte van het geluid relatief sterk op het moment dat men niet werd 

afgeleid door een taak en ook geen vooraf gevormde attitude over het geluid had.

 Volgorde-effecten werden echter wel gevonden: de hinderscore was hoger in de eerste 

conditie die mensen doormaakten en dit effect was het sterkst als men gestart was met de 

taak. De resultaten van hoofdstuk 3 zijn daarom een methodologische waarschuwing om bij 

labonderzoek waakzaam te blijven voor dit soort onwenselijke bijverschijnselen.

 In hoofdstuk 4 staat een experiment beschreven dat, meer dan het eerdere werk in 

dit deel, een toegepast karakter heeft. Aan de deelnemers werd gevraagd zich in te leven in 

een virtuele omgeving bestaand uit een 360° foto van een landweggetje tussen weilanden 

langs een vaart (nabij Castricum, Noord Holland). Deze virtuele omgeving werd gerealiseerd 

met behulp van een Virtual Community Noise Simulator (VCNS) van het Nederlands 

Lucht- en Ruimtevaartcentrum (NLR). De deelnemers kregen in deze virtuele omgeving 

acht overvliegende vliegtuigen (Airbus A330) te zien en horen, die bezig waren aan een 

reguliere landingsprocedure op een constante 610 m hoogte (omgerekend 2000 ft.), of een 

Continuous Descent Approach (CDA) waarbij het vliegtuig overvloog op respectievelijk 

1525, 1220 of 915 m hoogte (5000, 4000 of 3000 ft.). De geluidsfragmenten van de reguliere 

landing op 610 m hoogte en de CDA op 1220 m hoogte waren geluidsopnames die op 

de fotolocatie bij Castricum gemaakt zijn. De andere CDA-fragmenten waren bewerkingen 

van de 1220 m CDA. Het doel van deze studie was om te achterhalen of CDA’s als minder 

hinderlijk worden ervaren dan reguliere landingen, zoals vooral in de media voorspeld 

werd voordat op Schiphol werd gestart met deze landingsprocedure. De deelnemers gaven 

wederom een hinderscore na elke overvlucht. Tegen de verwachtingen in werd de CDA op 

915 m hoogte als het meest hinderlijk ervaren, gevolgd door de gewone landing (ondanks 

het feit dat deze dus lager overvloog en harder was) en daarna door de CDA’s op grotere 
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hoogte. Een verklaring voor dit effect zou de overvliegduur kunnen zijn. Het geluid van 

een reguliere landing komt sneller op en ebt ook sneller weer weg (door de snelheid, hoogte 

en hoek) vergeleken met dat van de CDA’s. Kortom, de overvliegduur van de reguliere 

landing is relatief kort. Dit is goed zichtbaar als de verschillende maten om geluidniveaus 

uit te drukken naast elkaar worden gelegd. Terwijl de piekniveaus (LAmax) van de reguliere 

vlucht beduidend hoger waren dan die van de CDA op 915 m, zijn de ASEL-niveaus (waarin 

ook de overvliegduur wordt meegenomen) van de twee vluchten vrijwel aan elkaar gelijk. 

Gezien het feit dat de hinderscores wel verschilden, valt te vermoeden dat de overvliegduur 

dus een aanzienlijk belangrijkere voorspellende factor zou kunnen zijn dan tot nog toe is 

aangenomen (zoals ook al beschreven door o.a. Hiramatsu et al., 1978 en Zimmer et al., 

2008). Het lijkt er dus op dat geluidsduur als voorspeller voor geluidhinder nader bekeken 

moet worden in toekomstig onderzoek. Voor nu kan voorzichtig geconcludeerd worden dat 

ASEL een betrouwbaardere voorspeller is voor hinder dan LAmax.

Deel 2 – Fysiologische reacties op geluid

 Studies naar acute fysiologische reacties op geluid vormen deel 2 van dit proefschrift. 

In dit deel is bekeken wat de acute effecten zijn van geluid op het hart en zenuwstelsel. In 

dit deel speelt geluidgevoeligheid ook een belangrijke rol. De reden hiervoor is deels dat het 

één van de best voorspellende niet-akoestische variabelen is voor geluidhinder. Daarnaast 

zijn er de afgelopen jaren aanwijzingen gevonden voor een mogelijke biologische basis van 

geluidgevoeligheid. Als deze biologische basis bestaat, dan is het bij fysiologisch onderzoek 

van belang om hiermee rekening te houden. Geluidgevoeligheid zou in dat geval namelijk 

van invloed kunnen zijn op de resultaten. Daarom is besloten om bij het bestuderen van 

acute fysiologische effecten ook specifiek te kijken naar de invloed van geluidgevoeligheid 

hierop.

 De auditieve Mismatch Negativity (MMN) respons is een hersenrespons die optreedt 

als de hersenen geconfronteerd worden met een stimulus die afwijkt van een voorgaand 

regelmatig patroon van stimuli. In hoofdstuk 5 is bekeken of deze respons eerder of sterker 

aanwezig is bij hoog dan bij laag geluidgevoelige mensen, omdat dit dan een aanwijzing zou 

zijn voor hersenen die constant overspoeld worden door nieuwe en afwijkende informatie. 

Ook is besloten om te kijken naar de P3-respons. Dit is een respons die, indien aanwezig, laat 

zien dat de persoon in kwestie actief aandacht heeft voor de stimuli. Als deze respons meer 

aanwezig zou zijn bij hoog geluidgevoelige mensen, dan zou dat aangeven dat deze mensen 

meer moeite hebben om zich af te sluiten voor auditieve stimuli. De verwachting was dat 

hoog geluidgevoelige mensen heftiger zouden reageren op de MMN- en op de P3-respons 

dan laag geluidgevoelige mensen.
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 Tijdens dit experiment kregen deelnemers, die vooraf geselecteerd waren op basis van 

een hoge of juist lage score op vragenlijsten over geluidgevoeligheid, een aangepaste versie 

van een auditieve oddballtaak (Näätänen et al., 2004) voor de kiezen. Taak is in dit geval een 

groot woord. De deelnemers hoorden verschillende soorten piepjes via een hoofdtelefoon 

en kregen het verzoek om deze piepjes te negeren en te kijken naar een stomme film van 

Buster Keaton (1922), die bedoeld was om de aandacht af te leiden van de piepjes. Tegen de 

verwachtingen in werden er geen verschillen gevonden tussen de groepen. Eerdere resultaten 

op dit gebied van Kliuchko et al. (2016) in een vergelijkbare studie zijn hier dan ook niet 

gerepliceerd. Vanwege een aantal methodologische problemen (ruisige data, drift) is het 

mogelijk dat de resultaten van dit experiment niet optimaal betrouwbaar zijn. Replicatie van 

dit experiment wordt dan ook aanbevolen.

 Acute effecten van vliegtuiggeluid op de hartslag en hartslagvariabiliteit (HRV) zijn 

bekeken in hoofdstuk 6, omdat ze vaak gebruikt worden als maten voor stressreacties. Ook in 

deze studie is geluidgevoeligheid meegenomen als factor. Electrocardiogram (ECG) metingen 

zijn uitgevoerd bij de deelnemers in een goed geïsoleerde ruimte tijdens drie condities die elk 

8 minuten duurden. Tijdens de eerste conditie (baseline) zaten de deelnemers met gesloten 

ogen en hoefden zij niets te doen. Tijdens de andere twee condities voerden de deelnemers 

wederom een 3-backtaak uit met of zonder vliegtuiggeluid over een hoofdtelefoon. Het 

vliegtuiggeluid betrof hetzelfde A320-fragment (75 ASEL) dat ook gebruikt is in hoofdstuk 2 

en 3. Uit de resultaten kwam naar voren dat deelnemers tijdens de taak met vliegtuiggeluid 

een gemiddelde hartslag hadden die 8 bpm (slagen per minuut) sneller was dan tijdens de 

taak in stilte. Dit is een groter verschil dan gevonden werd bij eerdere studies; wel zijn in dit 

experiment relatief luide geluidsniveaus gebruikt. Uit de HRV-analyses kwam naar voren dat 

de parasympatische activiteit van het zenuwstelsel (verantwoordelijk voor vertering, herstel 

en opbouw van het lichaam) lager was tijdens het vliegtuiggeluid dan tijdens het uitvoeren 

van de taak in stilte. Het lijkt er zodoende op dat geluid mogelijk een onderdrukkende 

werking heeft op belangrijke herstelprocessen van het lichaam. Tegen de verwachtingen 

in werd in de geluidconditie geen verhoogde sympatische activiteit van het zenuwstelsel 

(verantwoordelijk voor vecht-, vlucht- en angstreacties, kortom: actie) gevonden. Ook 

was er geen verhoogde activiteit van de sympatovagale balans (indicatief voor stress). Het 

lijkt er zodoende op dat er geen acuut verhoogde stressrespons werd gemeten tijdens het 

vliegtuiggeluid in dit experiment.

 Nadat deze groep van deelnemers in tweeën was gesplitst op grond van hun 

geluidgevoeligheidsscore op vragenlijsten zijn bovenstaande analyses herhaald. Ook al 

was er voor dit experiment niet geselecteerd op geluidgevoeligheid (en betrof het dus geen 

extreme groepen zoals in hoofdstuk 5), toch werd voor de geluidgevoelige groep een hogere 

gemiddelde hartslag, lagere parasympatische activiteit en werden marginaal hogere waarden 

op de sympatovagale balans gevonden, vergeleken met de minder gevoelige groep. Deze 
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resultaten geven aan dat het hart en zenuwstelsel van geluidgevoelige mensen heftiger 

reageren op geluid dan dat van minder geluidgevoelige mensen. Meer onderzoek is nodig 

om deze resultaten te bevestigen.

 Met dit proefschrift is een bijdrage geleverd aan het onderzoek naar hinder door 

(vliegtuig)geluid. Hierbij zijn zowel subjectieve (identiteit van de geluidsbron, attitudes, 

invloed van type landing en overvliegduur) als fysiologische (hartslag, hartslagvariabiliteit 

en hersenrespons) factoren bekeken, waarbij geluidgevoeligheid ook is meegenomen. 

Uit de resultaten van dit proefschrift kan wederom worden geconstateerd dat geluid als 

omgevingsfactor heel serieus moet worden genomen. Niet alleen veroorzaakt geluid hinder, 

maar ook het lichaam reageert onwillekeurig op de geluiden. De resultaten uit dit proefschrift 

kunnen worden gezien als weer een kleine onderbouwing voor de negatieve verbanden die 

herhaaldelijk bij veldonderzoek tussen geluid en gezondheid worden gevonden en waarvoor 

de Wereld Gezondheidsorganisatie (WHO) ook recent weer heeft gewaarschuwd.
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Table S.1. ANOVA results for all effects containing Test-Retest results from the 
three experiments of chapter 2. A description of the effects, the degrees of freedom 
of the effect (df 1) and error (df2), F values, p values, effect size (r) and standard 
qualifications of the effect sizes are provided. Group is the condition that people 
were in in the third experiment.

Experiment 1 df 1 df 2 F p Effect 
size, r

Effect  
size

Main effect of order – Test/Retest 1 44 2.864 .098 .25 (small)

Interaction – sample type x  Test/Retest 3 132 0.808 .492 .08 (small)

Interaction – ASEL x Test/Retest 3 132 0.491 .689 .07 (small)

3-way interaction – Sample type x ASEL x Test/Retest 9 396 1.447 .166 .06 (small)

Experiment 2            

Main effect of order – Test/Retest 1 32 7.006 .012 .42 medium

Interaction – Sample type x Test/Retest Order: 2 64 1.152 .322 .13 (small)

Interaction – ASEL x Test/Retest 3 96 1.161 .329 .11 (small)

3-way interaction – Sample type x ASEL x Test/Retest 6 192 .782 .585 .06 (small) 

Experiment 3            

Main effect of order – Test/Retest 1 62 .664 .418 .10 (small)

Interaction – sample type x  Test/Retest 2 124 2.855 .061 .15 (small)

Interaction – ASEL x Test/Retest 3 186 .786 .503 .06 (small)

Interaction – group x Test/Retest 1 62 .187 .667 .05 (small) 

3-way interaction – Sample type x ASEL x Test/Retest 6 372 1.358 .231 .06 (small)

3-way interaction – Sample type x group x Test/Retest 2 124 .027 .973 .01 (small)

3-way interaction – ASEL x group x Test/Retest 3 186 .385 .764 .05 (small)

4-way interaction – ASEL x group x Sample type x  
Test/Retest

6 372 1.080 .374 .05 (small)

Supplemental material to chapter 2

 Additional analyses were run on the data of the three experiments of chapter 2 to check 

whether any order effects were present. Order effects between a test and retest situation 

were found only in one of the ANOVAs in the second experiment (introducing the sample 

without prominent tonal components), but not in the other two experiments (for all test 

results, see Table S.1 below). These analyses do not support the hypothesis of order effects 

being a methodological problem in this design.

Table S.1. ANOVA results for all effects containing test-retest results from the three experiments of chapter 2. A 

description of the effects, the degrees of freedom of the effect (df 1) and error (df2), F-values, p-values, effect size 

(r) and standard qualifications of the effect sizes are provided. Group is the condition that people were in in the 

third experiment.
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Supplemental material to chapter 6

 Listed below are additional post hoc analyses on the data of chapter 6. These post hoc 

analyses, Bonferroni corrected, were performed to investigate any differences between the 

experimental conditions and the baseline condition. Such differences would be interpretable 

as effects of performing a task in case of two significant comparisons. Only significant results 

are mentioned.

 The heart rate (HR) in the baseline condition was faster than in the silence condition, 

p < .001. Power of high frequency (HF) fluctuations was higher in the baseline condition 

than in the two experimental conditions: compared to noise, p = .002, and compared to 

silence, p = .019. The skin conductance level (SCL) was lower in the baseline condition 

than in the noise, p < .001, and silence conditions, p < .001. These results indicate that the 

parasympathetic activity (of which HF is an indicator) was higher in the baseline condition 

compared to the experimental conditions even though the HR was higher in the baseline 

condition. It seems the baseline condition was not too stressful for the participants.

 Post hoc results between baseline and experimental conditions that also take noise 

sensitivity into account (we again only report significant results): an interaction with 

noise sensitivity was found for a single measure, namely HF (see Figure 2d). The repeated 

contrast showed that HF power dropped from baseline to noise for low noise sensitive (LNS) 

participants, while no change was seen between these conditions for high noise sensitive 

(HNS) participants, F(1,41) = 14.109; p = .009; r = .51. Interestingly, only the nervous system 

of the LNS participants seemed to respond to noise by showing less parasympathetic activity. 

This was not the case for HNS participants.
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Dankwoord

Dankwoord

Hèhè, dit ei is gelegd. Het bleek een erg groot puzzel-ei, waarvan sommige stukjes niet in de 

doos zaten. Ik heb er grijze haren van gekregen, maar ben heel blij dat het resultaat er nu 

ligt in de vorm van dit boekje! Er zijn veel mensen die dit mede mogelijk hebben gemaakt 

door me te ondersteunen en op te lappen, me af te leiden, me te bekritiseren, te prijzen en 

te helpen relativeren.

Martijn, ik durf rustig te zeggen dat dit boekje er (i.i.g. nog) niet zou liggen als jij me er 

niet doorheen gesleept had. Je hebt me over de streep getrokken om te blijven toen ik het 

na mijn eerste jaar helemaal niet meer zag zitten. In het begin botste het weleens tussen 

ons, maar ik ben de samenwerking in de loop der jaren steeds prettiger gaan vinden. Ik zou 

iedere PhD-kandidaat een begeleider als jij toewensen. Je bent aardig en behulpzaam en 

reageert altijd supersnel, zowel op mails als op ingeleverde stukken. Op momenten dat ik 

vastliep, kwam je bijna altijd wel met een oplossing of goed idee, maar liet me er ook wel zelf 

naartoe werken. Verder kon ik ook bijna altijd snel bij je terecht voor overleg, zelfs nadat je 

je huidige positie had geaccepteerd en het veel drukker had gekregen. Dankjewel!

Adelbert, ons contact is veel minder frequent geweest, zeker de afgelopen jaren toen je 

niet meer op de VU kwam. Veel heb ik gehad aan je technische kennis en mooie schrijfstijl. 

Dank voor de nuttige discussies op werkgebied, maar ook voor de fijne gesprekken over 

bijvoorbeeld oude muziek.

Roland, ook jij bent natuurlijk heel belangrijk voor dit project geweest. Erg leuk dat je 

binnen een afdeling als AOEP (toen ATEP) ruimte hebt gemaakt voor de ‘zachte kant’ van 

geluid. Dit heeft wat mij betreft een leuke en leerzame wisselwerking opgeleverd, mede door 

onze wekelijkse gesprekken in de eerste 2 jaar. 

Jan, hoewel je de laatste jaren amper betrokken was bij mijn project, ben je in de begintijd 

heel belangrijk geweest. Je was aanvankelijk duidelijk niet overtuigd dat ik de juiste kandidaat 

was, zeker nadat ik eerst bedankt had voor de positie, maar hebt me vooral in mijn eerste 

jaar enorm gesteund. In dat eerste jaar was het soms moeilijk om de neuzen van de vele 

begeleiders één kant op te krijgen. Jij was degene die dan zo’n vergadering weer vlot trok en 

bijvoorbeeld stelde dat geen beslissing veel erger was dan aan iets beginnen. Dank voor het 

vertrouwen en je daadkracht.

Members of the defense committee, thank you for taking the time to read my dissertation 

carefully and for coming all the way to Amsterdam for the defense! As I am writing this, I 

am happily looking forward to the discussions, both during the defense and after. Special 

thanks to Kerstin for coming all the way from Sweden for my defense. I remember meeting 

you for the first time in Lisbon in 2010. I was very nervous, because I had read several of 

your articles, so meeting you felt a bit like meeting a celebrity. You turned out to be very 

approachable and I am happy and thankful that you accepted the invitation to be part of 

this committee.
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Irene, het Internoisecongres in 2010 waarvoor je me had uitgenodigd smaakte dusdanig 

naar meer dat ik toch besloot om te gaan zoeken naar een geschikte promotieplaats. Ik heb 

zoveel om je voor te bedanken! Dank dat je me op sleeptouw hebt genomen bij de diverse 

superinteressante congressen die we samen bezocht hebben, voor de gezellig uitjes, waarvan 

fietsen over de Golden Gate Bridge natuurlijk het hoogtepunt was (ma’am, you can’t park 

here!), voor de gezellige etentjes en lunches en vooral voor het oeverloze en bevlogen kletsen 

over werk, kunst, liefde en wat al niet meer.

Winni, ook jij bent, meer indirect, heel belangrijk geweest. Ik kwam lang geleden bij je 

met de vraag of je mijn afstudeerbegeleider wilde worden, omdat ik erg geïnteresseerd was 

(ben) in slaapprocessen en omdat ik dacht dat je begrip zou hebben voor mijn dubbelleven 

als violist en de tijd die hieraan ‘verloren’ zou gaan. We kenden elkaar natuurlijk al veel 

langer, omdat ik regelmatig bij jullie over de vloer kwam. Erg leuk was het dat ik in de zesde 

klas middelbare school met je mee mocht lopen bij een slaappracticum op de UvA. Daar 

is de keus voor de studie psychologie wel behoorlijk op gebaseerd. Helemaal grappig was 

natuurlijk dat we tijdens mijn afstudeeronderzoek samen naar en door India zijn gereisd 

voor de bruiloft van Rani. Een afstudeeronderzoek naar slaap werd het helemaal niet, want 

juist door mijn achtergrond met geluid dacht je dat het leuk was om samen met Irene een 

studie naar geluidgevoeligheid te doen. Daar is het allemaal mee begonnen.

Ook speciale dank voor mijn paranimfen Hessel en Rani. Jullie vormen beiden een rode 

draad van gezelligheid, serieuze gesprekken en muziek in mijn leven.

Ik heb steeds hele fijne collega’s gehad. Bij de VU: Judith, Lisette en Anna, jullie waren 

mijn maatjes vanaf het eerste uur. Dank voor alle gezelschap, kopjes thee, frustratiedelingen, 

wandelingen, etentjes, pubquizzen, boekenclub, tripjes naar Duitsland, karaoke, etc. etc.. 

Leuk ook dat we nog steeds contact hebben! Ook met Floor wandelde ik graag rond om 

even de zinnen te verzetten. Heeeel veel kopjes thee heb ik gedeeld met Janne en Puck, 

waarbij we lief en leed hebben gedeeld. Dankjulliewel! I also shared good and bad times with 

Mauricio. Furthermore, I had the best roomies ever: Artem, Ed, Sylco, Eduard, Katya, Eren, 

Ingmar, Elle and Stephen. Eduard, Katya, and Elle, great that we will keep meeting at our 

bookclub! Ingmar, how about that puppy dinner? For my fellow PhD-students, I would like 

to use the Dutch expression that working alongside you felt like a warm bath: Alisha, Paul, 

Nicki, Bronagh, Jeroen, Wouter (kom je nog eens kerst vieren?), Dirk, Michel, Daniel S. 

(dank voor het regelmatig verlenen van eerste hulp bij programmeerproblemen), Daniel 

P., Kiki, Jonathan, Sebastiaan (dank voor de programmeerhulp). Daan, Jessica, Joanne, 

Marlies, Benchi and Berno. I also immensely enjoyed the lunches at the red table with 

my other colleagues: Sander, Chris, Tomas, Thomas, Roelof, Mona, Xin, Chisato, Jaap, 

Anouk, Joshua, Richard, Erik, Mieke, Christel, Donatas, Johannes, Sara, Joram, Gilles, 

Hannie, Dirk, Zhiguo and of course Barbara. Veel praktische hulp, o.a. bij het maken van 

proefopstellingen, heb ik gekregen van Jarik en Cor. Dank hiervoor! Did I forget to mention 

anyone?
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Ook op het NLR heb ik het erg goed gehad. Met Michael heb ik fijn samengewerkt aan het 

CDA-project. Dank ook voor de technische ondersteuning bij de verschillende studies en de 

gezelligheid bij congressen. Joop, het was een waar genoegen om door jou op sleeptouw te 

worden genomen tot in de diepste krochten van het NLR en ook naar en door Marseille voor 

de ANNA-meeting. Henk (Lania), dank voor de technische ondersteuning en de gezelligheid. 

Veel heb ik gehad aan de fijne gesprekken met Henk (Veerbeek), vaak bij congressen. En 

dank ook voor het lenen van veel geld toen in New York het hotel niet vooraf betaald bleek 

te zijn en ik met een dagopnamelimiet zat.. Gejo, ook jij bedankt voor de fijne gesprekken en 

leuk dat ik je af en toe bij een concert zie. De kamer van Leo en Joyce zocht ik graag op voor 

de gezelligheid. Ook hebben jullie mijn trektocht door California grotendeels in één middag 

vormgegeven. Ik denk nog regelmatig terug aan de mooie en gezellige stadswandeling in 

New York, waarbij ik Roalt een stuk beter heb leren kennen. Met Annette ging ik af en 

toe gezellig buiten de deur lunchen. Gedenkwaardig aan mijn tijd bij het NLR was ook het 

onderzoek naar laag frequent geluid onder leiding van Theo, niet lang nadat ik gestart was. 

Veel dank ook aan mijn mede-aio’s met wie we fijne schrijfuurtjes hadden die, naarmate ze 

frequenter werden, steeds gezelliger en minder productief werden: Esther, Armon en Emiel. 

Heel fijn heb ik tegen het eind samengewerkt met Martijn aan een leuk experiment over 

soundscaping bij vliegtuiggeluid. Dank hiervoor en ook voor de gezelligheid, zowel bij het 

NLR als op reis! Ik had op het NLR nog veel meer fijne collega’s: Merlijn (ook sporadisch 

fijn mee samengewerkt), Ellen, Helen, Sander, Dick, Richard, Alex, Marianne, Yuk, Alen, 

Jonathan, Jos, Michel, Pieter, Roel (veel gezellige kletspraatjes!), Ab, Remco, Jan, Rui, 

Theo, Peter, Johan, Anneloes, Rolf, Lennard, Arnoud, Paul, Frank, Paul, Jeroen en wie 

ik nog vergeten ben, ik heb jullie gezelschap erg gewaardeerd evenals de praatjes op de 

werkvloer/bij de koffieautomaat.

I had a special connection with Merve. As a master’s student you first assisted me with 

the MMN-study and later we were colleagues at the NLR for the soundscaping study with 

Martijn. It was lovely working with you, Merve, and I am happy that we occasionally meet 

up for lunch in Leiden!

Two other great students I had the pleasure of working with were Francesco and Fredrick. 

I very much enjoyed our collaboration and the writing of our paper together. Thanks guys!

Laura en Liesbeth, wat fijn dat we al zoveel jaar zoveel met elkaar delen. We begonnen 

vrijwel tegelijk aan onze promoties en nu mag ik me eindelijk bij jullie, doctoren, voegen. 

Dank voor alles!

En dan de lieve Eik en Lindetjes die ik het afgelopen jaar zo weinig heb gezien omdat ik 

een beetje pas op de plaats heb gemaakt. Een paar dagen met jullie helpen enorm om het 

leven te relativeren. Jullie zijn in de loop der jaren familie geworden. Extra liefs voor Sven, 

Dankwoord
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Florrie en Roos.

Een paar lieve, slimme en gekke vrienden wil ik ook even noemen. Jullie geven het leven 

kleur en hebben me gesteund in de PhD-perikelen. Veel van jullie zie ik veel te weinig. 

Misschien komt daar weer eens verandering in(!): Sanne, Dieuwke!, Mariet, Laura, Tom en 

Daphne, mevrouw Wester, Nienke, Paul, wat mis ik de fijne kwartetavondjes, Vincent en 

Sara, Suzanne en Erik en Karin.

Ik ben ook erg blij met mijn nieuwe collega’s bij de GGD, die enorm betrokken zijn en 

begripvol over de laatste fase van mijn promotie. Wat fijn om een team met jullie te mogen 

vormen, Marjolein, Yke, Nina en Sophie!

Pappa, wat had ik je graag in de zaal zien zitten bij mijn verdediging. Dank voor je lieve en 

trotse steun en het vertrouwen dat je in me had. Janny, wat fijn dat we zo’n warm contact 

hebben en dat je er nog altijd voor me bent.

Mamma, ik weet niet wat ik zonder jouw steun zou moeten. Ik vraag me af hoeveel uur ik 

heb lopen vertellen en zeuren over mijn promotie en hoeveel goede raad je me wel niet hebt 

gegeven (of gewoon geluisterd). Lief dat je er zo veel voor me bent, ook door veel op Ruben 

te passen. Wim, ook jij bedankt voor het meedenken en meeleven. 

Noor, Eline, Sammie en Mees, jullie zijn schattebouten die ook heel veel gemiep van mij 

hebben aangehoord. Dank!

Lieve steun kreeg ik ook vaak van mijn (schoon)familie in de vorm van gesprekken, maar 

ook door een keer (of heel vaak in geval van Susanne) op Ruben te passen: oma, Harrie, 

Susanne, Damiët, Jan, Jasper, Arvid, Natashe, Manuel en Eric en Els, Truus, Ronald, 

Petra en Astrid. Dank!

Jean & John, love you lots.

Lieve Stijn, Ruben en heel heel klein meisje van wie ik nog niet weet hoe je heet. Jullie 

zijn mijn alles. Zonder jullie had ik dit nooit kunnen en willen doen. Stijn, dank dat je me 

de ruimte gaf om zeker in de laatste fase de tijd te nemen om dingen te kunnen afronden, al 

weet ik dat je er vaak van baalde. Heel gezellig ook dat je vaak mee ging naar de congressen, 

later ook met Ruben, en dan zelfs wat praatjes meepakte. Liefs.

En nu tijd voor nieuwe avonturen!
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