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Abstract 
 

Title: Tranquillity by design - Architectural and landscape interventions to improve the 

soundscape quality in urban areas exposed to aircraft noise 

Name: Marinus Cornelis (Martijn) Lugten 

 

The noise emissions from aircraft negatively impact the quality of life for those in areas around 

airports. Excess noise levels can cause stress-related complaints, leading to adverse health effects. 

Although newer aircraft are significantly quieter than older models, aircraft noise pollution remains a 

problem. Literature suggests that the level of aircraft noise annoyance people experience is equally 

dependent on the level of disturbance induced by the sound and individualsô perceived level of their 

own ability to cope with and control it. Traditionally, noise prediction models are used to determine 

the noise load around airports. If levels are deemed too high, building restrictions are put in place, and 

house owners are either bailed out or receive funding for acoustic insulation. However, literature on 

road traffic noise shows that the design of the environment that surrounds individuals has a great 

impact on their perception of noise annoyance. For instance, the design of buildings, streets and cities 

influence the propagation of sound around buildings. This can reduce or amplify the sound levels 

locally. Furthermore, the presence of natural features, such as trees and moving water, can evoke a 

more positive auditory sensation in areas exposed to traffic noise. Without changing the sound 

exposure levels, the sight and proximity of vegetation improves the individualsô assessment of the 

soundscape quality and reduces the level of noise annoyance. Like landscapes, the perception of the 

acoustic environment, or soundscape, is the result of design choices.  

Nevertheless, the question remains as to whether the design of the built environment can yield a 

similar effect for aircraft noise. The doctoral research focused on this question, from both an acoustic 

and soundscape-perception perspective, and comprised four separate studies. The first study presents 

the results of a systematic in-situ measurement study, in which the sound attenuating effects of 

buildings exposed to aircraft noise were assessed. In the second chapter, the results from the first 

study were used to develop and test a method to predict the propagation of aircraft noise around 

buildings in a numerical acoustic model. The third study used the numerical model to compare the 

noise attenuation effects of building design parameters, namely height, form and cladding. The fourth 

chapter explored the perception of aircraft noise in urban areas with or without moving water and 

vegetation, using virtual-reality. Together, the four studies provide tools that can be used by architects 

and urban designers to improve the soundscape quality in areas affected by aircraft noise. Depending 

on the location and local acoustic situation, different alternatives are possible, which are supported by 

the results presented in this thesis.  
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Preface 
 

As a frequent traveller between Amsterdam and Cambridge, each time I travel to an airport I am 

amazed by the coming and going of the airplanes. Inevitably, the closer you get to the airport, the 

harder it is to escape from the noise. By arrival at the airport, the traveller is met by a cacophony of 

sounds from horns, car engines, trains, humans and airplanes. Although the sound levels are 

acceptable inside the airportôs terminals and gates, the levels are far less enjoyable outside the 

airportôs premises, especially when standing close to the runway. The rapid growth of civil aviation, , 

partly driven by the rise of low-cost carriers, has dramatically increased the number of flight 

movements above (European) cities. Unfortunately, flying comes at a price and erodes the quality of 

living in areas close to airports, not to mention the adverse impact of flying on our planetôs climate.  

Over the past three years, I have focused on the question what can be done to reduce aircraft noise in 

such areas. This dissertation presents the findings of this journey and shows that architectural and 

urban design can make strides forward in improving the quality of soundscapes exposed to aircraft 

noise. Moreover, the results could help airports and governments to amend and improve noise 

abatement strategies. However, in my opinion, the findings should not be simplified to a dull 

argument to legitimize the expansion of air traffic without further debate and scrutiny. Neither will the 

results lose their credibility and applicability if the number of air traffic movements would stabilize or 

fall. In the first place, I hope that the research will be used in good faith, with the intention to serve 

the interests of those who face the negative side of air traffic day by day. Secondly, I hope that the 

research will contribute to the quality of life in airport regions. 

Finally, I declare that this dissertation is my own work and contains nothing which is the outcome of 

work done in collaboration with others, except as specified in the text and acknowledgements. The 

work in this thesis is not substantially the same as any that I have submitted, or, is being concurrently 

submitted for a degree or diploma or other qualification at the University of Cambridge or any other 

University or similar institution except as declared in the Preface and specified in the text. I further 

state that no substantial part of my dissertation has already been submitted, or, is being concurrently 

submitted for any such degree, diploma or other qualification at the University of Cambridge or any 

other University or similar institution except as declared in the Preface and specified in the text. The 

dissertation does not exceed the prescribed word limit for the relevant Degree Committee. 

Cambridge, 7 December 2018 
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Nomenclature  
 

SPL   sound pressure level in dB 

OASPL   overall A-weighted sound pressure level in dB(A) 

1/3-OB   1/3-octave band  

p   air pressure  in Pa 

pref   reference air pressure (2Ā10-5 Pa) 

Lden   sound pressure level day-evening-night, European noise metric 

Lmax   maximum sound pressure level in dB 

Leq   equivalent sound pressure level in dB 

LAmax   A-weighted maximum sound pressure level in dB(A) 

LAeq   A-weighted equivalent sound pressure level in dB(A) 

LA50 median A-weighted sound pressure level in dB(A) (i.e. based on dB(A) 

levels, not the sound pressure)  

SEL Sound Exposure Level 

IL    Insertion Loss in dB 

FFT   Fast Fourier Transform 

NPD   Noise Power Distance 

ADS-B   Automatic Dependent Surveillance-Broadcast 

VCNS   Virtual Community Noise Simulator  

ICAO   International Civil Aviation Organization 

FAA   Federal Aviation Administration 

ECAC   European Civil Aviation Conference  

INM   Integrated Noise Model (FAAôs aircraft noise prediction model) 

doc.29   document 29 (ECACôs aircraft noise prediction model) 

nLOS   building side facing away from the flight path (no line of sight) 

dLOS   building side towards the flight path (direct line of sight) 

shielded facade  see nLOS (interchangeable) 

exposed facade  see dLOS (interchangeable) 

AAS   Amsterdam Airport Schiphol 

NLR   Netherlands Aerospace Centre 
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1. Introduction and research outline 
 

1.1. Prologue 

A regular day in July, 7am in the morning, our location is a meadow near the village of Zwanenburg 

just about a mile west of Amsterdam. The sun has just risen less than an hour ago and the first rays of 

sunlight heat the silver glaze of the morning dew covering the fields. The air has a crisp, sharp clarity, 

the sky is clear of clouds and filled with the smell of lush grass and hay pollen. Suddenly the 

tranquillity is interrupted by a distant and fast approaching whistle-tune, followed by a soft rumble. 

From behind the trees an aircraft navigates smoothly towards the nearby runway a few hundred yards 

away, to deliver freight and passengers at their destination. Soon a second and a third aircraft will 

follow, ushering an ongoing flow of airplanes descending to the runway. After the airport has 

distributed and digested all the incoming flights, it is time to repeat the same procedure in opposite 

direction. But by the time the first airship has moored at one of Amsterdam Schipholôs gates, the first 

noise-related complaints of the day will have been filed. Although the Dutch file more noise 

complaints compared to their neighbours, the situation is not just anecdotal for Amsterdam or the 

Netherlands. In fact, this situation is daily practice for large airports such as Heathrow, Frankfurt, 

Paris, Zurich, Vienna, Sydney and so on.  
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Figure 1 Noise impact of air traffic around Heathrow airport measured as the total area with average noise levels 

above 57dB (in red)1. 
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Figure 2 Average sound pressure level around Amsterdam Schiphol airport in 1990 and 2007 (in red: levels above 

53dB Lden)2. 

  



4 

 

1.2. Introduction 

1.2.1. Air traffic and cities 

 

 

Figure 3 Complaints about aircraft noise around Amsterdam Airport Schiphol2,3. 

Aircraft noise causes a serious problem for airport authorities and governments. Around London, 

concerns about the noise impact of Heathrowôs third runway sparked fierce debate in (British) 

parliament. According to the World Health Organisation óexcessive noise seriously harms human 

health and interferes with peopleôs daily activities at school, at work, at home and during leisure time. 

It can disturb sleep, cause cardiovascular and psychophysiological effects, reduce performance and 

provoke annoyance responses and changes in social behaviourô4. For these reasons, airports must 

abide noise regulations imposed by government, and noise abatement and community engagement 

schemes have been rolled out. ICAO, the UNôs civil aviation agency, compiled the most important 

noise abatement strategies in the balanced approached, which forms the international guideline for 

noise control around airport5,6. On the land side, noise contours prevent building developments in the 

proximity of flight paths and runways, while house owners have been compensated, e.g. in the form 

of extra acoustic insulation6. On the air side, quieter airplanes, optimized routes and adjusted flight 

procedures have reduced noise emissions6. And not without successes, as can be seen in Figure 1 and 

Figure 2. In terms of the equivalent sound exposure levels, the maps and charts show the staggering 

progress that have been made over the past decades.  

1.2.2. Aircraft noise annoyance 

But, despite all efforts, the number of complaints about aircraft noise hasnôt dropped accordingly (see 

e.g. 2,7). Instead, the numbers for Amsterdam show an opposite trend, which repeatedly ignites debate 

about curtailing further growth of air traffic in the Netherlands (see Figure 3). Based on literature, 
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there are a few ways to explain the observed juxtaposition. Firstly, the relationship between the sound 

exposure level and annoyance is less static than assumed8. For example, the equivalent sound pressure 

level (Leq), i.e. the metric used for noise maps, only predicts a small proportion of the variance in 

annoyance levels9ï11. Instead, non-acoustic factors, such as the attitude towards air traffic and the 

airport authorities, and the perception of coping are more important than acoustic factors10ï12. 

Moreover, research shows that the dose-effect relationship between annoyance and aircraft noise 

varies over time and between airports8. Studies carried out for the same airport but in different years 

have shown significant differences. Other studies showed that the attitude to air traffic and aircraft 

noise are not independent from the way both issues are addressed in society, referring to the social-

political discourse which shapes the public opnion13,14. Secondly, other acoustic factors seem more 

adequate to predict annoyance than the equivalent exposure level in an area15. For example, the 

number of flyovers and the maximum sound level during a flyover are better predictors than the Leq 

to explain the level of annoyance15. Thirdly, studies show that the level of annoyance depends on the 

location (indoors versus outdoors) of people at the time of exposure and the time of the day. In respect 

to the local context, also factors such as the satisfaction with a neighbourhood, place and dwelling 

affects the level of annoyance15,16.   

1.2.3. Noise, place and perception 

The importance of perception, place and localized sound levels to predict noise annoyance does not 

only apply for aircraft noise, but for traffic noise in general.  Hence, the impact of sound exposure, 

relative to the character of places in cities, has become more important in research on traffic noise in 

cities17. For example, various studies focused on the impact of buildings and streets to reduce sound 

levels locally17,18. Today, many European cities included the access to quiet building sides in 

municipal noise abatement schemes18,19. A quiet side can refer to a facade without direct exposure to a 

noise source and sound levels <45dB(A)20. However, it can also refer to facades that are more than 

10dB(A) quieter than the facade which is facing towards the noise source, i.e. a road21. The design of 

buildings, roofs and facades can contribute to reaching such levels18,22. Other studies showed that 

natural features in cities can also reduce noise annoyance23. For example, the sight of vegetation from 

dwellings decreases the level of noise annoyance people reported24,25. Access to green areas near 

dwellings in areas with a high sound exposure level on the facades can yield a similar effect26. The 

effects of (visible) vegetation are estimated to an equivalent reduction of 10dB23. Also, the presence 

of natural sounds showed to improve the auditory quality of outdoor spaces exposed to road traffic 

noise27ï29. Enhancing bird song through landscape architecture, or placing water features, are 

examples of urban design interventions suggested by researchers in several studies29ï31. Like 

landscapes, the acoustic environment depends on the design of the (urban) context around people. 

Consequently, the soundscape is the combination of (a) sound(s), in a given (visual) context, which 
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evoke(s) an immersive experience and an emotional response32. The examples show that, to some 

extent, urban and architectural design can influence the experience and response.   

1.2.4. Design of the urban soundscape 

These examples raise the question if the design of cities can play a role in the reduction of aircraft 

noise and improve the auditory quality of areas near airports. Regarding the perception of sound and 

cities, to the authorôs best knowledge, there are no studies on the effects of e.g. natural features in 

relation to the perception of aircraft noise. A few studies show that urban design and land use 

planning can be used to reduce aircraft noise. For example, the porosity of the soil near runways can 

be used to absorb aircraft noise during take-offs33. But, from an acoustic perspective, buildings hardly 

reduce or amend the level of aircraft noise when located close to perpendicular underneath flight 

paths34,35. However, for sites at a greater horizontal distance to the ground track of a flight path, 

studies suggest that buildings do have an impact on the sound levels of aircraft noise36,37. A study near 

Frankfurt showed a difference up to 7dB between two positions around a building during an aircraft 

flyover37. The same study showed a reduction of sound levels in front of a building exposed to aircraft 

noise, based on varying the facade design38. A computational study found a difference up to 5dB 

between low-density urban areas with varying urban morphologies exposed to noise from a low flying 

aircraft36. However, as the study focused on the urban macroscale, the influence of architectural 

design variables on the local sound pressure level around buildings was not studied.  

1.2.5. Sound propagation models 

Acoustic numerical models are often used to study the impact of architectural and urban design in 

relation to the local abatement of traffic noise18,39. Numerical simulation models are relatively cheap 

and convenient platforms to compare the effects of many design interventions under the same 

conditions. Since computers have become faster, a variety of numerical computer-aided models have 

been developed, ranging in complexity, speed and accuracy. Whether a model is appropriate depends 

on a projectôs scale and objectives17,18. Although some simulation packages developed tools to predict 

aircraft noise for areas around airports, the models only implement standard aircraft noise prediction 

methods40,41. These methods, such as doc.29 and INM, calculate the dispersion of aircraft noise 

around airports based on the noise footprints of individual aircraft types42ï44. The data is based on 

measurements and corrected for e.g. meteorological effects and ground reflections39,44. The 

combination of flight settings, airplane types, engines models and flight routes generate bespoke noise 

footprints around airports44,45. The average sound pressure level in an area is predicated based on the 

cumulative effects of all flight movements during a specified period in time. However, aircraft noise 

prediction models omit buildings. Other, higher-fidelity, noise prediction models, used for e.g. noise 

aurilization, have the same limitation44. The means that it is currently not possible to study the impact 

of buildings, or architectural design variables, on the propagation of aircraft noise around buildings, 
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without further research. Although urban acoustic simulation models can predict the sound dispersion 

around buildings, it is unclear to what extent the models can be applied for aircraft noise. A key issue 

is the role of atmospheric refraction on the propagation of aircraft noise, which is currently omitted in 

studies on aircraft noise and buildings. These questions restrict researchers to systematically study the 

effects of architectural and urban design on the local propagation of aircraft noise. Moreover, it also 

limits architects, urban planners and designers to test the impact of design proposals in relation to 

aircraft noise exposure.   

1.3. Research framework 

1.3.1. Problem definition 

The design of cities, buildings and public spaces can reduce the exposure to noise or evoke a positive 

perception of the auditory environment. So far, research has mainly focused on noise abatement, or 

the noise perception, of urban design in relation to road traffic noise. The outcomes have helped 

architects, city planners and policy makers to improve and refine noise abatement strategies. 

However, yet there is no such equivalent for the relation between urban design and aircraft noise. 

Although literature shows that urban design in areas underneath flight paths hardly amplify or abate 

the noise, this is different for areas at a greater horizontal distance from flight paths. However, for 

such areas, there are no examples of systematic research on the noise abating effects of buildings 

exposed to noise dispersed by flying aircraft, apart from a few smaller studies. Acoustic simulation 

models can either predict aircraft noise, omitting the effects of buildings, or predict the sound 

propagation around buildings, but only for sources close to the ground surfaces (e.g. cars and trains). 

This means that it is unclear to what extent urban acoustic simulation models are applicable to study 

the propagation of aircraft noise around and between buildings. Also, in respect to the influence of 

natural features on the perception of aircraft noise, there is yet no published research. Research in 

both directions could benefit residents, design practitioners, policy-makers and airports.  

1.3.2. Research gaps 

In short, in relation to urban design and aircraft noise, there are three directions in which more 

research is required.  

Firstly, literature on the noise abating potential of buildings exposed to aircraft noise is limited, 

especially for areas at greater distance from (a) flight path(s). The current body of literature shows a 

gap or blind spot, both in terms of empirical and numerical data. Hence, it is unclear whether building 

design variables, such as building geometry and urban density, influence the propagation and 

attenuation of aircraft noise.   

Secondly, computational models, used to predict and calculate aircraft noise, neglect buildings, while 

urban acoustic models lack validated methods to simulate aircraft flyovers. This results in a grey area 
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between both fields. As computational calculation methods are more efficient and viable ways to 

study the impact of building design on sound, research on intermediates between urban acoustic and 

aircraft predicting models could support soundscape research and design practice.  

Thirdly, to the authorôs best knowledge, yet no studies on the effects of natural visual and auditory 

features and soundscapes exposed to aircraft noise have been published. A growing body of literature 

have shown the potential of urban greenery and added natural sounds to reduce annoyance 

experienced from traffic noise. However, the existing literature only covers road and rail traffic 

sources, while the application of the results to fight aircraft noise annoyance are uncertain. This leaves 

the question to what extent natural features can improve the soundscape quality in areas exposed to 

aircraft noise.   

1.3.3. Research objectives 

Based on the three research gaps, the following research objectives were formulated for the doctoral 

research:  

1. To study the noise attenuating potential of buildings exposed to aircraft noise in relation to the 

position of an aircraft and a receiver. 

2. To study the application of numerical models to predict the propagation of aircraft noise 

around buildings. 

3. To study the impact of the building geometry and surface properties on the level of aircraft 

noise around buildings. 

4. To study the impact of the visual and auditory (urban) environment in relation to the 

perception and masking of aircraft noise. 

The three objectives lead to the fourth overarching goal of the doctoral research: 

¶ To develop tools that can support architects, urban designers and planners to reduce noise 

exposure and improve the soundscape quality in urban areas near airports. 

1.3.4. Research questions 

The research gaps and the objectives lead to the following main research question: 

How can urban and architectural design reduce aircraft noise and improve the soundscape 

quality for areas exposed to aircraft noise?  

The main question was studied by means of four sub questions: 

1. To what extent do buildings reduce aircraft noise in areas that are not directly underneath 

flight paths as the distance between the aircraft and a receiver increases? (Studied in chapter 

5) 
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2. To what extent can urban acoustic models predict aircraft noise around buildings with an 

acceptable accuracy without considering atmospheric effects? (Studied in chapter 6) 

3. To what extent can the design of buildings and street canyons improve the reduction of 

aircraft noise locally within areas that are not directly underneath flight paths? (Studied in 

chapter 7) 

4. To what extent can visual and auditory natural features improve the soundscape quality of 

urban areas exposed to aircraft noise? (Studied in chapter 8) 

These four questions are studied by means of various research methodologies, ranging between (in-

situ) measurements, numerical acoustic computation and (virtual reality) lab-human-subjects based 

research. For the readability of the thesis, each chapter will address one question and introduce the 

relevant literature first. Figure 4 shows the structure of the thesis and the links between the individual 

chapters. 
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Figure 4 Research outline with the sequence and links between the indiviudal chapters and topics. 

1.3.5. Scope of the research 

Aside from the academic objectives, the impetus of the research was to develop tools that can help 

architects, urban planners and designers to improve their designs for outdoor areas exposed to aircraft 

noise. More specifically, the research focused on a design toolkit to complement design practitioners 

during the initial and probationary phases of (urban) design projects. Although airplanes disperse 
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noise when taxiing and engine run-ups as well, the research only focused the noise emitted during 

aircraft flyovers. The doctoral research covered two areas: 1) acoustic and 2) perception-based 

research. This also means that that focus of the research adopts a broad scope, aiming to study 

interventions in both directions. Inherently, this means that the research intended to set the beacons 

for further research in both directions, based on the results of the doctoral research. The research 

approach has two limitations. Firstly, the research often examined how existing theories and methods 

can be harnessed for a different sound source, namely airplanes. Secondly, the variety of studies also 

limited the time that could be spend per theme or topic. Hence, if a study led to follow-up questions, it 

was not always possible to set up follow-up experiments, or to validate results by means of more 

detailed models. This means that the studies led to several questions and/or suggestions for future 

research, which are presented and discussed in the final chapter.  

1.4. Structure of the research and thesis 

1.4.1. Structure of the research 

The thesis consists of three literature and four research chapters. Before the experiments were 

designed and the data collection was started, an extensive literature research was carried out. The 

literature chapters provide a theoretical and methodological framework for the four studies. Although 

the fours studies can be read individually, they are connected in terms of e.g. the case study locations 

(chapters 5-7), or the way a study contribute to the overall research objective(s) (chapter 8). Figure 4 

shows the links between the chapters and the overall research outline. The core research chapters are 

written in the style of (scientific) journal articles, each covering one topic per chapter. As chapters 5-7 

are successive, the intention is to submit the other chapters once chapter 5 has been accepted and 

published.    

1.4.2. Research methods 

The doctoral research comprises four studies in which different research methodologies were used. 

Since each study covers a different issue, a detailed description of the relevant research methods is 

given per study, presented in the chapters 5-8. To give an impression of the consistency between the 

research chapters, the research methodologies and reciprocities between the studies are discussed at a 

glance.  

To study the first research objective, the doctoral research commenced with a study in which the 

abatement of aircraft noise by buildings was examined, based on measurements. Data was collected 

around several buildings at three locations near one of Amsterdam Airport Schipholôs runways. 

Resources and equipment were provided by the courtesy of the Dutch Aerospace Centre (NLR from 

now on), which was also one of the funding partners behind the research. Dutch Air Traffic Control 

(LVNL from now on) granted permission to use aircraft positional data within the context of this 
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research. The data from the measurements also provided three benchmark cases for the second study. 

This study put the focus on the development of a numerical method to simulate aircraft noise 

propagation around buildings. To bridge the gap between aircraft noise prediction and urban acoustic 

(numerical) models, an intermediate approach was developed and tested. Numerical results were 

compared to a reference study, but also benchmarked against the measurements. Subsequently, the 

intermediate numerical method was used to analyse the influence of architectural design variables in 

relation to aircraft noise abatement in a third study. The impact of individual and combined variables 

was calculated for the same case study locations as used for the previous studies. In the fourth study, 

NLRôs virtual community noise simulator (VCNS) was used to compare the influence of natural 

features in urban environments exposed to aircraft noise. By means of a lab experiment, it was tested 

to what extent natural features yielded an effect on the perception of the soundscape quality in urban 

areas exposed to aircraft noise. Hence, the VCNS was used to create virtual environments comprising 

videos and animations that gave a realistic and immersive impression of aircraft noise and 

environments. The VCNS was used in previous studies and lends itself for perception-based research. 

Finally, the results from the four studies were used to answer the central research question.  

1.4.3. Reading guide  

The literature and research chapters are written in a different style. The literature chapters present the 

relevant literature in a subsequent order without conclusions (but with a summary at the end). The 

research chapters are written in the form of journal papers, with each chapter covering a separate 

study. The argument of the doctoral thesis is formed by the sequence of the studies, covered in the 

literature and research chapters. Apart from the literature chapters, each chapter starts with an 

abstract, short introduction, relevant literature (if needed), results and conclusions.  

All written work is from the authorôs hand, although co-authors and fellow researchers supported the 

research through ideas and feedback. Co-authors are mentioned in the relevant chapters. Where 

needed, the collaboration, funding and input from others is discussed in Appendix A in more length.  
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2. Noise, air traffic and annoyance 
 

The response to road, rail and air traffic noise depends on the sound signal and its reception. Although 

it starts with an acoustic pulse, sound becomes noise once the brain has given a meaning to it. In this 

chapter, the concepts behind aircraft noise, airports and annoyance, forming four themes, are 

introduced and discussed. Firstly, the physical bases of sound and outdoor sound propagation are 

introduced. The chapter discusses only those concepts that are relevant for the doctoral research, and 

more information can be found in handbooks and literature. Secondly, the chapter describes the 

concepts behind traffic and aircraft noise. Thirdly, the chapter dedicates a section to the impact of 

aircraft noise on cities, and the current state of aircraft design and future innovations. The section also 

focuses on the mitigation of aircraft noise by means of land and air-side measures, and the 

relationship between exposure and response. The fourth section elaborates on the theme of aircraft 

noise annoyance, referring to recent developments in this field. The final section extends the scope to 

the perception of (aircraft) noise in relation to the environment people are in.   

2.1. Sound 

Sound waves are vibrations moving through a medium. The vibrations destabilize the equilibrium of 

the energy which keeps particles in place, resulting in wave-like density differences. Although sound 

can move through any medium, in the context of this thesis, sound refers to the pressure fluctuations 

in air. The length of a wave depends on the motion of the sound source, and the force or the thrust that 

defines the magnitude of the energy compressed in a wave. Waves can propagate from a point (i.e. 

spreading out spherically in all directions), a plane (i.e. with wave fronts infinitely parallel to each 

other) or a line1. A sequence of point sources becomes a line source, while small segments of 

spherical waves can be approximated as plane waves if the distance from the source is large enough.  

 

Figure 5 a) wave length and amplitude, b) wave formed of multiple frequencies. 

Figure 5a illustrates the length and amplitude of a wave, i.e. the magnitude of energy compressed in a 

wave. Often, sound is expressed by the frequency and loudness of (a) wave(s). The frequency is the 
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number of waves per time unit (often one second) and depends on the speed of sound in a particular 

medium, which is around 344 m/s for air (ie. near the ground surface in an outdoor temperature of 

20°C). The sound pressure level is expressed on a logarithmic scale in decibels (dB), based on the air 

pressure. The human ear is only sensitive to a small range of frequencies, i.e. those between 

approximately 20Hz and 20000Hz. Although frequencies lower than 20Hz, if loud enough, can be felt 

as vibrations, most people cannot hear such tones. Unless a source emits harmonic waves, i.e. a single 

frequency, sound often comprises multiple frequencies (see Figure 5b).  

2.1.1. Sound audibility and decay 

 

Figure 6 Human sensitivity to sound and scales needed to correct the loudness accordingly (A, B and C weightings). 

As with the frequency domain, there is also a minimum human hearing threshold for sound, which 

increases with age, and varies between frequencies2. In general, tones within the speech domain, i.e. 

frequencies between å200Hz and å5000Hz, are heard clearer than tones below or above these 

frequencies1,2. Practically, this means that tones with frequencies outside the speech domain must be 

louder to be perceived as being equally loud to frequencies falling within the speech domain. To 

balance the loudness perception for different frequencies, various correction scales have been 

introduced over the last decades (see Figure 6). The A-weighting is the most common correction used 

for traffic and aircraft noise1,3.  

Spherical waves emit sound energy in all directions. Due to the law of conservation of energy, the 

loudness of a sound wave will decrease as the distance from the source greatens, as the energy is 

increasingly distributed over a larger area1. Further damping is caused by the friction and resistance of 

air particles, which partly convert the sound energy to heat. The extent to which air absorbs sound 

depends on the frequency, i.e. the absorption increases for higher frequencies. Unless a source 

produces a constant and continuous motion, the sound it emits is temporary and will fade away once 

the particles resettle in the initial pressure equilibrium.  
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2.1.2. Reflection, absorption, transmission and diffraction 

 

Figure 7 Reflection (Ir), absorption (Ia) and transmission (It) of sound against surfaces. 

Along the propagation path, the direction and intensity of sound is often influenced by obstacles and 

surfaces. Vertical (ground) and horizontal (barriers) surfaces reflect, absorb or transmit the sound, as 

shown in Figure 7. The level of absorption and transmission depend on the angle of incidence ɗ, the 

material and the frequency1,3. Transmission through walls means that the sound waves will propagate 

into the interior of buildings, which can be reduced or blocked by the mass and stiffness of the wallôs 

material. Acoustic absorbing materials partially convert the sound energy into heat through friction in 

the pores1,3. The level of absorption can be expressed by three metrics: 1) the absorption coefficient, 

2) the impedance and 3) the flow resistivity.  

Compared to the other metrics, the acoustic absorption coefficient is a more generic approach to 

quantifying the absorption, e.g. suitable in cases where the sound field is diffuse with random 

incidence. Although the coefficient can be defined for each angle, this requires a significant amount of 

work and experiments, and instead, it is common to use a single number for all angles. Hence, the 

absorption coefficient is sufficiently accurate if the angle of incidence is of lesser importance. The 

acoustic absorption is expressed as a value between 0 (no absorption) and 1 (full absorption). 

However, the impedance and flow resistivity describe the acoustic properties of materials more 

precisely. The impedance of a surface relates to the absorption coefficient, the angle at which a wave 

hits a surface and the bulk density of the material (pressure)1. The acoustic impedance is expressed by 

the unit Z, which is a complex number3. For porous composites, i.e. materials comprising a porous or 

permeable material on top of a hard layer, the flow resistivity is often used instead of the impedance3. 

To calculate the flow resistivity, both the impedance and the thickness of (an) additive(porous) 

material(s) are considered. The flow resistivity describes the level of resistance air encounters when it 

moves through the material. The metric is expressed in units of kPaĀsĀm-2 3. Examples of composite 

materials are snow or mulch on top of a hard ground, although more seemingly homogeneous 

materials, such as grass and concrete, can also be described as óporousô mediums3.  

Unless a surface material absorbs an incident sound wave entirely, at least a part of the energy is 

reflected. If the sound is reflected in the direction of the receiver, and if the path is clear of other 
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obstacles, the reflected part of the wave will reach the receiver moments after the direct wave has 

arrived. If a source emits more than one pulse, the combined direct and indirect waves may amplify or 

cancel the sound level that reaches a receiver. Consequently, direct and reflected waves moving in 

opposite phase can lead to interference, which can also create passive or active anti-noise3,4.  

 

Figure 8 Edge diffraction of waves moving around a small gap (A) or a larger obstacle (B). 

Vertical surfaces reflect, absorb or transmit incident sound waves, like horizontal planes. However, 

because soundôs character is that of a wave, vertical surfaces also diffract the wave near the edges of 

the obstacle (see Figure 8)1. The wave will bend on the obstacle edge, which changes the direction of 

the wave front and curves the form of the wave1,3,5. Practically, this means that sound still reaches the 

area behind the vertical obstacle, thus diminishing the shielding effect of barriers. Consequently, the 

design and materialization of the edge of a building or barrier is important for the noise reduction 

behind the structure.  

2.1.3. Sound in outdoor areas 

In contrast to the air in confined indoor spaces, the air in outdoor environments is less stable and 

homogenous. Because sound depends on the propagation medium or fluid, this means that 

fluctuations in the medium influence the path and the distribution of energy. The atmosphere is 

comprised of different layers with varying temperatures and wind speeds for each layer3,5. Like light 

waves, sound waves refract when they move through multiple fluids with different volumetric mass 

densities5,6. In the first instance, refraction changes the direction of the sound wave. However, 

variations in wind velocity and wind direction also decrease and/or accelerate the propagation speed 

of the waves3.  
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Figure 9 Wind and temperature profiles in the atmosphere, and turbulent eddy structures, adapted from 5. 

Figure 9 illustrates the wind and temperature profiles in the atmosphere. In general, wind speed 

increases with the height (up to 1000m), whereas the opposite is true for the temperature gradient 

during daytime5. The gradient reverses during night time which is due to temperature differences 

between the sky (cooler) and the ground surface (warmer)3,5. As the air layer scrapes over the ground 

surface, the roughness of the surface generates local turbulent eddies5. Turbulence is also caused by 

sudden and local wind and temperature variations, scattering the sound waves if they move through 

such areas5. According to literature, turbulence plays only a minor role when a source and receiver are 

both located in the surface layer3,5. However, if the source is positioned in the boundary layer, which 

is the case for sources like (flying) airplanes and tall wind turbines, the sound can be affected by 

turbulence. For aircraft noise, literature shows that atmospheric turbulence can lead to spectral 

broadening, i.e. the distribution of tonal sound energy to other (surrounding) frequencies7. In some 

situations, this may cause differences between theoretical predications and measurements6.  
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2.1.3.1. Up- and downwind propagation 

 

Figure 10 Up- and downwind refraction of sound waves around a sound source (S) in the atmosphere. SZ refers to 

the a refractive shadow zone. 

The temperature and wind gradients in the atmosphere lead to up- or downwind refraction of sound 

waves (see Figure 10). During daytime and under normal weather conditions, receivers positioned 

behind a source, i.e. the area in line with the wind direction perpendicular to the source, are exposed 

to downward refracted sound. In general, wind effects are more dominant than the effects of 

temperature5, which is why some methods to calculate atmospheric refraction omit temperature as a 

variable5,6. Up- and downwind refraction can increase or reduce the noise abating effects of barriers 

and buildings significantly due to the direction of the wave front. As illustrated in Figure 10, 

compared to a straight propagation profile, refraction changes the angle at which sound waves hit an 

obstacle. Subsequently, the direction of the wave front also affects other elements that depend on the 

angle of incidence such as edge diffraction, reflections and/or the absorption of surfaces. The next 

chapter will introduce the influence of refraction in more detail.  

2.2. Traffic and aircraft noise 

After the sound has reached the human ear and is processed by the brain, sound loses its physical 

objectivity and turns into a subjective noise. Literature shows that the appreciation of, or nuisance 

from, the sound depends on like e.g. the context, th source, the time of day, but also the personality of 

the receiver. However, acoustic characteristics, such as the loudness, sharpness, duration, spectrum, 

also predict the reaction that sound elicits, at least to some extent. Before the chapter introduces the 

interaction between sound, context and annoyance, traffic and aircraft noise are discussed in more 

depth.  

2.2.1. Traffic and noise 

Traffic noise can be broken down in three groups. The first group relates to the noise dispersed by 

cars, motorcycles, trams and bicycles. As the latter are relatively silent, cycles are usually omitted in 
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traffic noise literature. The sources in the first group are all forms of urban transport in cities. The 

second group represents the noise from (high-speed) trains and wheeled vehicles that run on rail-

tracks. Trains are usually studied separately from (urban) traffic sources, as are motorways. However, 

in many ways, the same principles apply for trains as for cars, motorcycles and trams. The third group 

comprises noise from aircraft traffic, which is introduced in the next section.  

 

Figure 11 Sound spectrums of three traffic sources with an indication of the decay with distance, based on 

atmospheric absorption and spread3. 

In general, motorized sound sources are made up of the various individual elements that vibrate and 

produce sounds. The combustion of fuel in the engine produces a roaring sound, while the interaction 

between the tyres and pavement generate higher, creaking, pitches. In cities, the level of traffic noise 

will probably decrease in the future, as electric engines rely on magnetic fields rather than 

combustion, which make the engines quieter. However, a moving vehicle also creates friction 

between the surface of the vehicle and the surrounding air column, resulting in sound. For trams and 

trains, the contact between the wheels and the rails make vibrations travel through the soil to 

foundations and walls. This means that the vibrations can reach the inside of buildings in the form of 

more vibrations or sound. This is a major concern for building projects next to railways, but also for 

buildings near motorways, e.g. for buildings accommodating ultra-sensitive facilities like laboratories. 

The sound level and the spectrum of the source depend on the speed of the source. For example, the 

sound dispersed by the friction of tyres and road pavements, and the friction between the airframe and 

the air, increases with the velocity of the source3,8.  
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Figure 12 Doppler shifts in relation to the position of the source and a receiver. The position of the source S, in 

relation to the receiver R, changes as the source moves with a velocity v, changing the wave length (A, time = 1s, B, 

time = n + 1s). 

 

Figure 13 Spectrogram of an aircraft flyover with the Doppler effect clearly visible, adapted from 6. 

Depending on the position of the source in relation to the receiver, the Doppler effect will change the 

frequency of the sound. This means that the wavelength shifts, depending on the position of the 

receiver (see Figure 12). The Doppler effect is visible in the spectrogram in Figure 13 as the 

horizontal bands that shift to lower frequencies over time.   
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Figure 14 Sound dispersion from a source to a receiver position not directly facing the source (nLOS), for a situation 

where the source is close to the ground or up in the air. The dotted line is the shortest path from source to receiver.  

Figure 11 illustrates the differences between airplanes, cars and trucks. Proportionally, aircraft 

contains more low frequency noise than cars and trucks. However, the most striking difference 

between airplanes and other traffic sources is the position of the source (see Figure 14). While 

buildings can generally prevent sound moving from a street to adjacent (court)yards, this is less 

straightforward for aircraft noise. Instead, for airplanes, the shielding potential of buildings depends 

on the horizontal (and vertical) distance between a building and the flight path9,10.  The relationship 

between buildings and aircraft noise abatement is discussed in chapter 3.  

2.2.2. Air traffic and noise 

Although aircraft noise is mainly associated with the sound of flying airplanes, aircraft noise is 

emitted during different modes or working cycles. In total, the following eight modes are identified in 

literature (11 p.4):  

1. óstarting engine operation 

2. Pre-flight engine run 

3. Taxiing to line up 

4. Acceleration on the runway with full or reduced throttle  

5. Take-off and roll-on 

6. Flight path 

7. Landing 

8. Run-on operation and engine run-upô (e.g. for maintenance)ô 
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Figure 15 Different sound producing compontents of an aircraft. 

These eight modes can be clustered in three groups, depending on the altitude and position of the 

aircraft in relation to the runway or platform: 

¶ Noise dispersed by aircraft moving between the platform and the runway and in contact with 

the ground (numbers 1, 2, 3 and 4) 

¶ Noise dispersed by aircraft moving on the runway or when stationery on the platform 

(numbers 5 and 8) 

¶ Noise dispersed by fast moving aircraft which are off the ground (numbers 6 and 7) 

 

Figure 16 Aircraft noise wit h power setting during take-off (a), the aircraft is not moving, compared to an aircraft 

moving at Mach 0.25 (b) for different polar angles (see 6 p. 39-40). 

Aircraft noise, as with other traffic sources, can be broken down into individual sound emitting 

elements. However, most of the sound comes from the tail plane, engine (jet, fan inlet, turbine), 

fuselage, wins, flaps, spoiler and nacelle6,12. To describe aircraft noise mathematically, the different 

sources are divided in four (noise) categories, and the combination of these four categories are used to 

e.g. synthesize aircraft noise. The four categories are 1) fan, 2) jet, 3) combustion and 4) airframe 

noise. For each category, there are different models that describe the sound emissions of individual 

categories6, e.g. by Stone (jet noise)13, Fink (airframe noise)14 and Heidmann (fan noise)15. Figure 16 
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shows the sound profiles of the four models for two working cycles. The figure shows the differences 

in directivity and loudness between the various source categories. The figure also indicates the overall 

sound level and directivity, which is the combination of the separate models.  

Depending on the position of a receiver and the working cycle, the sound directivity and the level of 

exposure will vary. For example, sound levels are particularly high during take-offs when the receiver 

is positioned behind the aircraft at an angle of between 30 to 40 degrees. The directivity profile of a 

flying aircraft shows that the sound energy is almost spherically distributed around the source (Figure 

16b).Compared to engine run-ups and take-offs, taxiing airplanes are much quieter 11,16. During a 

single event the sound level is the result of controllable factors such as the aircraft and engine types, 

and fluctuating variables such as the pilot settings and/or the weather. Literature shows that, for the 

same aircraft type, the sound levels as measured on the ground can deviate by as much as 12dB. Most 

of the variation is attributed to the source and pilot settings and not, in this case, to atmospheric 

fluctuations17. This means that the sound profile of individual flyovers can vary significantly, 

depending on the captain, freight and weather. 

2.3. Airports and cities 

Since the end of the Second World War, commercial aviation has taken off and transformed the way 

both goods and people get from A to B. Many modern airports, like Amsterdam Airport Schiphol and 

London Heathrow, were once military bases and located outside cities18. Incremental growth of cities 

and airports has reduced the distance between the two, thus exposing more people to aircraft noise. 

Often, buildings and infrastructure are needed around airports to facilitate the economic activity 

generated by air traffic19,20. Airports have thereby turned into regional economic powerhouses, 

creating jobs in the wider area around airports19ï21. The airport city concept, as coined by Kasarda and 

Lindsay19 and adopted by various large airports, is based on the idea that airports can catalyse and 

channel economic development. Kasarda and Lindsay advocate a strategy in which the connectivity 

and network and connectivity of an airport take an important position. A well-connected airport is 

attractive to global tertiary companies, which increases the demand for office space at, and around, 

the airport. Ultimately, this also boosts the demand for housing and infrastructure in the area around 

the airport.    

The continuous process of economic push and pull initiated by airports, and the spatial consequences, 

is visible around many, more established, European, North-American and Asian airports. Since the 

legal formalization of noise abatement and urban planning instruments, such as noise contours, it has 

become easier to manage and oversee urban sprawl. However, there are various examples of airports 

that showcase the difficulty to govern or reverse urbanization near airports. In some cases, airports 

were relocated outside the city, but this did not stop some airlines from returning to the original 

airport years later (e.g. Montreal22), or lobbying to keep depreciated airports open (e.g. Berlin-
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Tegel23). More recent cases in the Netherlands, Britain and Germany have shown the technical and 

political complexity to relocate airports. Since the 1990s, Dutch politicians and policy-makers have 

been discussing the possibility of moving Amsterdam Airport Schiphol to a new-to-build artificial 

island in the North Sea24,25. So far, the debate about this idea has ended in a financial and technical 

stalemate. A similar idea was endorsed by Boris Johnson for London, with his plan to replace the 

London airports with a brand-new airport in the Thames estuary26,27. The initial plan originated from 

the 1940s and was finally voted down in favour of a third runway for Heathrow airport in 201527,28. In 

Berlin, plans for a new airport to replace the two former East and West German airports date back to 

the years after the fall of the Berlin Wall, although it would take another twenty years before the 

construction works commenced. However, the project has backfired financially and technically, with 

an empty airport and huge cost overruns as the current result29,30.  

  

Figure 17 Prognosis for air traffic by IATA 31. 

In respect to the complex reciprocity between airports and cities, history seems to repeat itself in 

countries going through a rapid economic growth, followed by a growing middle class, as already 

seen in Western Europe and North America many decades ago. On a global scale, IATA foresees air 

traffic continuing to grow, at least until 2030, which will increase the number of flight movements 

and the emissions (see Figure 17)31. In countries like China, Columbia, India and Turkey, the 

combination of abundant urbanization and weaker legislative restrictions for airports may have 

already sown the seeds for future disputes between airports, government and citizens.    

2.3.1. Developments in air traffic and emissions 

Aviation leads to noise and particulate emissions. After combustion, the exhaust gasses are dispersed 

in the sky in the form of CO2, NOX, H2O and (ultra) particulates. Various studies have reported on 

the concentration of particulates around airports and the potential adverse health effects32,33. As 

introduced in section 2.2.2, aircraft noise is the combination of the sounds emitted by separate parts. 

Since the 1960s and 1970s, aircraft noise has been an issue for airports and policy makers18,19. The 
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introduction of the fan engine during the 1960s resulted in higher noise levels, followed by a 

burgeoning of civil groups stepping up the protests against airport expansion18,19. In order to reduce 

noise exposure and emissions, industry, airlines, airport authorities and government joined forces, 

resulting in a significant reduction of noise emissions.  

 

Figure 18 The reduction of noise emissions between the 1970s and 2010s34. 

Figure 18 shows the noise emissions for various airplanes between the 1950s  and 2020. Modern 

aircraft are significantly quieter, based on research that resulted in better designs.  However, the figure 

suggests that most big gains have already been implemented, and the impact of additional noise 

reducing features is expected to be relatively small by comparison. Although innovations like the 

single-wing design and electric engines could reshape the picture of flying in the future, it will take 

decades before such innovations are rolled out and implemented35,36. Annual reports by Easyjet, Air 

France-KLM and Lufthansa show that the life time and depreciation of new airplanes lie between 20 

and 25 years37,38. This means that airplanes assembled by Boeing, Airbus or Embraer today are 

considered to remain operational for decades after leaving the factories. Also, a lower noise footprint 

per flight would not reduce the average sound exposure levels if outpaced by the increase in the 

number of flight movements. Finally, the urgency of carbon emission situation might skew the 

attention of industry and policy makers towards fuel efficiency in the foreseeable future, with noise 

concerns come second.  

2.4. Aircraft noise abatement strategies 

To protect citizens from annoyance and severe noise exposure, urban planning near airports is 

regulated by a variety of rules and restrictions. In many countries, noise contours form a legal basis to 

prohibit or limit building activities in specific areas39. In some countries, national legislation also 

regulates the size of water surfaces (i.e. to limit collisions between airplanes and birds) or imposes 
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safety and hazard zones for areas close to runways20. Often, the equivalent sound pressure levels 

during day and night time form the acoustic basis underpinning the legislation. For example, the 

European Noise Directive talks about Lday, Levening and Lnight, together making the Lden metric (day, 

evening, night, see equation below).  

ὒ ρπὰέὫρςϽρπ τϽρπ ψϽρπ   
(2.1) 

 

The equation awards penalty scores to noise events that take place during the evenings and nights. 

The Lden is the common unit for noise calculations for member states of the European Union. Different 

metrics are used in North America, such as the Community Noise Equivalent Level (CNEL) by the 

FAA40 or NEF in Canada41. In general, aircraft noise metrics assume that a direct or indirect dose-

effect relationship exists between sound exposure, annoyance and health. In other words, annoyance 

is the consequence of the equivalent sound exposure level. Hence, a higher equivalent sound exposure 

level leads to a higher annoyance response. Based on health and stress studies, maximum levels have 

been defined, which means that locations where the average sound levels surpass the maximum limit 

are unfit for human occupancy42ï46. In the form of noise contours, the dose-effect relationship is also 

one of the bedrocks of the Balanced Approach to Aircraft Noise Management by the International 

Civil Aviation Organization (ICAO). The Balanced Approach combines a gamut of noise abating 

measures at different levels. Aircraft noise mitigations can be divided into airside and landside 

strategies. In this context, airside strategies focus on aircraft design, flight procedures and route 

optimization schemes. On the contrary, landside strategies deal with land-use planning, insulation and 

compensation schemes around airports. The Balanced Approach consists of the following four 

categories47,48:  

1. Reduction of noise at source 

2. Land-use planning and management  

3. Noise abatement operational procedures 

4. Operating restrictions 

Noise contours, respite schemes (i.e. banning flight activity during the night) and continuous decent 

approaches (CDA)0F

1 are examples of strategies widely adopted by European and North American 

airports39. Respite schemes and CDAs are classic examples of airside strategies, while noise contours 

are landside measures.  

                                                      
1 Landing procedure when the aircraft glides towards the runway and only uses the engines at lower thrust when 

necessary to steer to a different position or altitude. 
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2.4.1. Robustness of the dose-effect curves 

The dose-effect relationship is a cross-disciplinary approach that links physics (acoustics) and 

behavioural sciences (psychology).  In most cases, the relationship between sound exposure and 

annoyance is based on surveys and matched with the postcode of the respondents. Based on the 

results,  the corresponding exposure level (either measured or calculated) is matched with the 

annoyance ratings from the survey43,49. Over the last decade, various studies have shown that dose-

effect relationships can change over time50,51. This means that the percentage of people who indicate 

that they feel highly annoyed in relation to the sound exposure level, is not set in stone.  

 

Figure 19 Comparison of different exposure-effect curves from various European studies50. 

Figure 19 shows an overview of response-exposure curves from different European studies published 

between 2001 and 201550. Although individual studies varied in size, the underlying research 

methodologies were similar or at least comparable. The figure shows the variance between airports, 

but also studies that focussed on the same airport, but with data collected in different years. For 

example, the data for Frankfurt airport suggests that the sensitivity to aircraft noise shifted by 20% for 

the same Lden between 2005 and 2013. While 61% of the respondents felt highly annoyed by a Lden of 

65dB in 2005, this number increased to >80% in the 2015 survey. In itself, this is a remarkable 

finding, but it also suggests that factors other than the (equivalent) sound level are at play in relation 

to(aircraft) noise annoyance. Consequently, the variety between exposure-response curves has led to 

research that focused specifically on the relationship between noise exposure and annoyance, and then 

in particular the predictive power of metrics like LAeq and Lden.  

2.5. Aircraft noise annoyance 

The relationship between aircraft noise and annoyance has been studied since the late 1980s. In the 

1980s, a study by Job52 showed that noise exposure alone explained less than 20% of the variance in 

the responses to aircraft noise between participants52. Since the publication of Jobôs article, various 

other studies have presented comparable figures, with the percentage of variance in annoyance 

response attributed to acoustic factors varying between 33% and 12%53,54. Instead, the existing 

literature suggest that non-acoustic and personal factors account for the remaining variance. Literature 
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therefore call aircraft noise annoyance a ósocio-technicalô issue which cannot be explained and solved 

by changing the sound exposure level alone54ï56. In the next sections, acoustic and non-acoustic 

factors that constitute aircraft noise annoyance are introduced in more detail.   

2.5.1. Acoustic metrics 

The most common and ubiquitous metric for traffic and aircraft noise is the equivalent sound pressure 

level (Leq), with an A- or C-weighting57. The European Lden is a variation on the Leq which awards 

penalty scores for certain sources or sound events for specific timeslots (evening and night). 

Alternatively, aircraft noise exposure is expressed by the EPNdB, SEL, peak levels (Lmax) and the 

number of events58. The EPNdB is explicitly designed for aircraft noise and commonly used to 

compare flyovers and aircraft types. The EPNdB adjusts the sound signal for the duration of the sound 

event, but also includes a correction for tonal components coinciding with the human sensitivity to 

loudness59. The idea is that humans are more annoyed by tones in the frequency domain between 2000 

and 4000Hz, and the sound energy is amended for these frequencies59. Although the EPNdB is used in 

both industry and academia, the metric is not popular in policy making and legislation. The SEL is 

calculated by integrating the sound energy divided across a time interval of reference, which is often 

one second1,p. 153. Generally, the SEL is used to compare individual sound events. The maximum 

sound level during an aircraft flyover is expressed as the LAmax.  

2.5.1.1. Exposure and response 

Research focusing on the effects of acoustic measures on aircraft noise annoyance can be divided into 

two groups. The first group focuses on the relationship between annoyance and long-term exposure, 

based on periodical (postal) surveys. Often, the ordered category scale is used, in combination with 

absolute judgements8,60. Two opposite descriptors are placed on both ends, e.g. óvery annoyedô versus 

ónot annoyed at allô, with successive or gradual intervals in between61. Researchers ask people to 

indicate their level of annoyance on the scale. If the study puts the focus on the long-term annoyance, 

people will be asked to rate the overall annoyance they experience. However, sometimes scientists are 

interested in to what extent annoyance varies over time or between individual sound events. In such 

cases, people are asked to rate their level of annoyance during time intervals8. The second group 

focuses on noise annoyance as experienced during a shorter period, e.g. a day or a week, with data 

acquired at a higher frequency, e.g. every hour. Acoustic metrics like the LAeq, Lden, LAmax and/or the 

number of aircraft flyovers are often used in studies that focus on the relationship between annoyance 

and long-term noise exposure (see 43,50,62,63). On the other hand, (acoustic) metrics like the location-

adjusted sound level, (A)SEL, LAmax and the time of the day are more common in studies with a focus 

on noise annoyance and short-term exposure (see e.g. 54,64ï66). The two groups are complementary, but 

the results serve different ends. While large scale surveys are used for noise policies, such as WHO 

guidelines67, short-term exposure studies have a more explanatory and academic purpose.  
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Literature on long-term exposure shows that the Lden, LAmax and the number of flyovers predict a 

comparable share of the variance in annoyance ratings between individuals51,68. Also, the Lden has an 

indirect impact on the level of annoyance, due to a small but significant effect on the perceived level 

of disturbance68. Disturbance only triggers annoyance when people feel they cannot control mitigating 

the noise and/or lack the ability to cope with it68ï70. Literature on short-term exposure shows that the 

hourly number of aircraft flyovers with a peak level above 65dB(A) (NAT65) is the best overall 

predictor for annoyance. However, when the sound level is adjusted for the location, i.e. whether a 

person was inside or outside a building, the adjusted LAeq is a better predictor for annoyance than the 

NAT. During the early mornings (7am-8am) and the late evenings (9pm-10pm), the tolerance for 

aircraft noise is lower, and a NAT >55dB(A) is more appropriate to predict annoyance. When people 

are performing a task, aircraft noise becomes annoying at higher sound levels compared to when 

people are not occupied and distracted. Additionally, when the sound level is increased incrementally, 

the level of annoyance rises more rapidly when people have to focus on a task64. For flyovers during 

night time, the number of flyovers is the most important factor for annoyance, followed by the 

equivalent sound level66.  Sleep deprivation caused by aircraft noise might reinforce a negative 

feedback loop, with a build-up of less sleep leading to more annoyance (see e.g. 54,71,72).  

2.5.2. Non-acoustic factors 

Non-acoustic factors are social, personal or context-related variables with a significant influence on 

noise annoyance68. Inherently, this means that the variety of research methods is wide. Literature 

suggests that non-acoustic factors account for most of the variance between individuals in aircraft 

noise annoyance ratings. An example of the role of beliefs is research on the influence of social-

political framing and the perception of fairness. Broër73, later in collaboration with Kroesen74, showed 

that peopleôs assessment of aircraft noise annoyance is influenced by the framing of noise annoyance 

in a wider social-political discourse. The individual perspective on aircraft noise annoyance gains a 

meaning once the issue is addressed, described and framed. Consequently, the same words and frames 

are adopted in society, spurring politicians and policy makers to address the issue, consolidating the 

urgency of the problem. However, the attitude and manifestation of aircraft noise annoyance both also 

depend on the belief in fairness. In this context, Maris75 showed that fairness is the belief that a 

decision is made fairly, which is based on a sense of trust that the authorities have considered and 

weighed up all the different interests at stake to the best of their ability. Hence, when distrust towards 

authorities or airports increases, so does the level of annoyance experienced from air traffic. Other 

studies have showed that, on a personal level, noise sensitivity and fear have a large impact on the 

way people perceive sound51,76. Also, literature reports on a relationship between house ownership, 

annoyance and noise levels, and the socio-economic status of people51. Responders with a mid and 

high socio-economic background reported more annoyance than people in a low socio-economic 

group51. Studies presented opposing conclusions about the impact of demographic factors, meaning 
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that there is no consensus about the influence of such factors on noise annoyance yet76,77. Stallen70 

suggested that coping plays an important role in the perception of noise annoyance. The conceptual 

framework is rooted in stress-theories and considers noise annoyance as a variation on physiological 

stress68,70. According to these theories, stress is the result of a balance between an individualôs 

exposure to a threat and their resources to act on or deal with the threat68. Coping refers to the 

individualôs ability to adjust the local environment to exogenous factors and to deal with a situation. 

What is needed varies between individuals and depends on the time, place and activity. Several 

studies also showed that a sudden increase or decrease in air traffic leads to an óover-ô or óunder-

reactionô compared to the expectations78,79. This means that their level of annoyance rises faster, or 

drops further, than what would be expected based on dose-effect relationships.  

 

Although there are plenty more studies on noise annoyance and non-acoustic factors to discuss, a 

fundamental shortcoming of the literature on non-acoustic factors and annoyance is that studies are 

mainly inductive68. This means that correlations are not based on a supporting theory, but on isolated 

statistical observations instead, which obscures the interpretation of the factors and causal claims68. 

Additionally, most studies are based on multiple regression analyses, but it is unclear whether this 

method is appropriate for situations with feedback loops between factors68. For Kroesen, Molin and 

van Wee68, these two objections gave a reason to develop and test a theoretical model that could 

explain aircraft noise annoyance, based on the previous studies.   
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2.5.3. Causality and annoyance 

 

Figure 20 Structural equation model for aircraft noise annoyance, adapted from the work by Kroesen, Molin and van 

Wee68. 

Kroesen, Molin and van Wee used the framework by Stallen70 as the supporting theoretical basis for 

their research. The model considered direct and reciprocal interactions between acoustic and non-

acoustic factors. Variables were selected on the basis of meta-studies42,52,53,77,80, and were only 

included if there was enough evidence for a factorôs significance. Figure 20 shows the model and the 

quantified interaction effects, expressed by the standardized path estimates and the correlation 

coefficients. The model makes a distinction between disturbance and control as the two main 

contributors to aircraft noise annoyance. The final model was the result of two iterations. First, the 

factors and theoretical dependencies were combined with the framework by Stallen. Data from a 

survey was fed into the model, and only significant and independent factors were used for a second 

iteration. Figure 20 shows the effect sizes of factors and reciprocities between factors. For example, 

the figure shows that perceived disturbance (0.54) and perceived control and coping capacity (-0.50) 

are quite similar, and influence each other in, an almost, even and reciprocal manner68,81. Although the 

Lden is the only significant determinant factor for the perceived level of annoyance, the effect size is 
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very small (0.04). Kroesen, Molin and van Wee68 concluded that the concern about negative health 

effects of noise and pollution, perceived disturbance, perceived control and coping capacity and 

negative expectations towards noise development were the most important determinant factors for 

predicting aircraft noise annoyance. Kroesen and Schreckenberg82 showed that a general attitude 

towards aircraft noise (GNR) forms a ólatent superordinate constructô that influences perceived noise 

annoyance, disturbance of activities, fear and health (both mental and physical)82. There is a strong 

correlation between the GNR and a negative response towards aircraft noise, and a significant but 

weaker correlation between the GNR, fear and health-related concerns82.  

2.6. Human cognition and sound 

 

Figure 21 Descriptive model for the interaction between sensory stimuli, mind-states and the context surrounding an 

individual 83. 

Stallen70 and Kroesen81ôs conclusions are backed up by other studies that put the focus on the human 

response to sound. For example, Andringa and Lanser83 argue that (the perception of) quietness is 

linked to control over the óstate of mindô, and to what extent exogenous factors impede this control. 

Like coping, control means that it is not the sound level per se that determines the level of annoyance, 

but rather how sound infringes on the individualôs freedom to decide what to be exposed to. By 

combing through cognitive and evolutionary biology theories, Andringa and Lanser83 developed an 

explanatory framework to explain the human interaction with their (acoustic) environment (see Figure 

21). The framework describes the interactions between the surroundings (peripheral sensing), the 

cognitive evaluation (core cognition) of the environment, and the response (mind-state). The model 

was built on the premise that humans, like other species, constantly evaluate their surroundings for 

safety. This evaluation is important for their survival, and often occurs unconsciously within split 

seconds (modal gist) and while the environment is monitored simultaneously by multiple senses. 

Unless the information gathered matches expectations, the body is alarmed and starts to respond. Very 

loud sounds, blinding lights, strong stenches, stark temperature variations are all examples of sudden 
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distractors that can change a personôs physical state from relaxed to alerted. According to Andringa 

and Lanser, suspicious cues will make us more aroused and vigilant, and leave us with less mental 

capacity to focus on other (more sophisticated) tasks. Consequently, these distractors hinder humans 

executing a task and will make them feel distracted and limited in their states of mind. However, the 

sound source plays and important role as well. As the auditory environment around people is 

comprised of multiple sounds from different origins, arousal and distraction also depend on the 

constellation and saliency of various sound sources. Halpner, Blake and Hildenbrand84 suggest that 

the human response to sounds varies, and relates to the way we are conditioned to identify warning 

sounds as indicating danger. This might increase the production of stress hormones which cause long 

term adverse health effects (e.g. cardiovascular diseases)85,86.  

2.6.1. Place, sound and perception 

The models by Stallen70, Kroesen68, Andringa and Lanser83 and Evans87 show that, to a large extent, 

the experience of sound depends on the congruence between the environment and personal 

needs70,83,88. These needs are not fixed, and depend on activity, time of the day, mood and place. 

Sound is perceived as more annoying when it disturbs communication, relaxation or sleep54. 

Moreover, literature shows that, for the same Lden level, aircraft noise annoyance is worse when 

people are inside a building compared to being outdoors87,89,90. Andringa and Lanser relate this to the 

difference between public and private spaces, with the home as the ultimate example of private space. 

Or, as Evans, Wells and Moch put it, άHome is a place that reflects identity and provides security and 

maximum control. Good housing offers protection not only from the elements but also from negative 

ǎƻŎƛŀƭ ŎƻƴŘƛǘƛƻƴǎΦΧ tƻƻǊ ƘƻǳǎƛƴƎ ǉǳŀƭƛǘȅ ǊŜŘǳŎŜǎ ōŜƘŀǾƛƻǳǊŀƭ ƻǇǘƛƻƴǎΣ diminishes mastery, and 

ŎƻƴǘǊƛōǳǘŜǎ ǘƻ ŀ ƎŜƴŜǊŀƭ ǎŜƴǎŜ ƻŦ ƘŜƭǇƭŜǎǎƴŜǎǎέ87. Sound annoyance is worse when people are 

dissatisfied with their neighbourhood, their house or the quality of the acoustic insulation in their 

house51,54,91. This is especially the case when the insulation is a form of compensation for (aircraft) 

noise and paid for by an (airport) authority54. Hence, good urban and architectural design can 

contribute to the reduction of noise annoyance, in direct and indirect ways. It can help directly by 

attenuating the sound levels inside and outside buildings. Indirectly, it can diversify the auditory 

landscape, by masking unwanted sounds and/or improving the overall satisfaction of residents. The 

next chapter will focus on the relationship between the built environment, design, noise abatement 

and auditory perception.  
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2.7. Summary 

¶ Locally, buildings and surface materials can reduce the exposure to traffic noise, e.g. by 

increasing the friction induced by edges (diffraction) or the acoustic absorption of surfaces. 

¶ An inhomogeneous atmosphere scatters and diffracts incident sound waves, which influences 

the propagation of sound if a source is positioned in the boundary layer, for example airplanes 

or wind turbines. 

¶ Aircraft noise is a form of traffic noise, although that the position (height) of the source is 

radically different from other traffic sources. 

¶ Aircraft noise can be broken down into eight categories, of which take-offs, landings, flying 

and engine-run ups are the noisiest. The directivity of the sound depends on the working 

mode and varies between (nearly) spherical (flying) to conical (take-offs / engine run-ups).  

¶ As aircraft noise is scattered and refracted in the atmosphere, it is unclear to what extent 

buildings can be used to abate aircraft noise. This topic is studied and discussed in chapter 5. 

¶ Noise contours and acoustic insulation schemes are the most prevalent noise mitigations 

around airports.  

¶ Noise contours are based on the equivalent sound exposure level, assuming a dose-effect 

relationship. However, the dose-effect curves vary between individual studies and airports. 

¶ Recent studies show that annoyance induced by aircraft noise depends on acoustic and non-

acoustic factors. Acoustic factors explain about a third of the variance in noise annoyance 

ratings between individuals, the rest is attributed to non-acoustic (and personal) factors. 

¶ Peak exposure levels (L(A)max), average exposure levels (e.g. Lden) and the number of flight 

movements are examples of acoustic factors. Research suggests that the peak levels, the 

number of flight movements and the localized sound exposure levels are better predictors for 

the level of annoyance than the Lden. 

¶ Non-acoustic factors, such as the perception of coping and control, are seen as just as 

important as the actual perception of disturbance (which is linked to the noise levels). 

¶ Place, activity and the time of the day are also important predictors for the level of annoyance 

that people (may) experience. The more private the location, the more sensitive and disturbed 

people will respond to the exposure to exogenous sounds. Hence, measures to adjust the 

sound exposure levels around a receiver could help individuals to regain a feeling of control. 

This may reduce the level of annoyance people report and experience.  
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3. Sound and the urban environment 
 

In cities and towns, the perception and dispersion of sound is shaped by the design of urban areas. The 

previous chapter described how walls and surfaces reflect, scatter, absorb and transmit sound in 

indoor and outdoor spaces. However, the perception of sound does not only depend on the acoustic 

signal, but is also determined by factors like place, source, sound level, reverberation, the personôs 

activity and the time of the day. This chapter presents a literature review on the impact of the built 

environment on the exposure and perception of sound. The chapter opens with an overview of 

literature focusing on the acoustic effects of buildings and urban designs. The second part of the 

chapter considers the role of architectural and urban design in relation to the auditory perception of 

places. Most of the available literature focuses on road traffic noise, bar a few exceptions. 

3.1. Research on sound in urban areas 

Within literature focusing on the acoustic behaviour of sound in urban areas, two types of research 

can be distinguished. The first type of studies focuses on the urban mesoscale and sound propagation, 

while the second type considers the urban microscale. Because of the difference in scale, the groups 

not only use different research methods, but also have different objectives. Mesoscale studies usually 

examine the relations between factors like street ramifications, population distribution, traffic flows, 

building heights and noise levels1,2. Instead of the sound levels for a specific position, studies focus on 

the statistical correlations, e.g. between the floor or ground space index and the overall sound 

exposure level in an area3. Most studies use heuristic simulation models, which are more practical for 

calculating the sound levels in cities than high-fidelity wave-based models. The latter offer a higher a 

level of precision and accuracy, but are significantly slower than heuristic models, and often limited to  

studying sound dispersion around three-dimensional geometries1,3. The next chapter will describe the 

differences and similarities between numerical acoustic models at greater length. In contrast to 

mesoscale studies, microscale studies focus on the impact of (a) building(s) on the sound dispersion 

within streets or towards adjacent courtyards. The impact of (an) architectural variant(s) is either 

benchmarked against a baseline scenario, like an archetype of a residential street, or expressed by the 

insertion loss. Due to the scale and size, most studies rely on numerical wave-based models, 

sometimes in combination with scale model and/or wind tunnel tests1,4,5. In general, studies on the 

propagation of sound in urban areas can be divided in three groups. The first group focuses on the 

impact of street and building geometry. Studies that belong to this group can be either meso- or 

microscale oriented, depending on the scope of an individual study. The second group is made up of 

studies on the acoustic effects of facades, roofs and ornaments. The third group comprises studies on 

(surface) materials and acoustic absorption.   
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3.1.1. Street and building dimensions 

The first group can be broken down into different themes and scales. At one end of the spectrum, 

mesoscale studies focus on the more general effects of urban design and sound exposure. An example 

is a study by Salomons and Berghauser-Pont2, exploring the relation between traffic noise and spatial 

form, which showed that a higher urban density results in lower sound levels. However, although tall 

and closed urban blocks reduce the sound level within the enclosed courtyards, the sound level within 

the streets between the urban blocks hardly change. In many mesoscale studies, the impact of sound is 

weighed up against the total number of people living in an area1, which is important for urban 

planning and traffic management.  

Acoustic mesoscale studies also considered the impact of street and building dimensions on the sound 

level within the source and adjacent canyons. A good example of this is Hoa and Kangôs study on the 

influence of the urban mesoscale and aircraft. The study compared 25 urban areas, calculated the 

sound levels in the areas and then looked for correlations between sound levels and the 1) building 

plan area, 2) total area of rough surfaces, 3) total facade surface parallel to the flight path, 4) street 

width-to-building-height-ratio (W/H from now on) and 5) the horizontal distance between a flight 

path and the first row of houses. The results show the strongest correlation between the sound level in 

an urban area and the second and fifth factors. On the other hand, the first and fourth factors had no 

impact on the sound level. The study concluded that urban morphology has an important impact on 

the amount of aircraft noise in urban areas. For road traffic, urban mesoscale studies do not give a 

clear picture of the correlation between the W/H ratio and the sound level in a street. A study carried 

out in China found that rigid facades and smaller streets increase the sound level6. However, for cases 

in Spain and the Netherlands, studies have reported the opposite, that the sound level is higher in 

wider streets, probably because wider streets are busier with higher traffic speeds and volumes2,7.  

At the other end of the spectrum, microscale studies have focused on the W/H ratio as well, but have 

also looked at the noise situation for smaller areas with one or two canyons. For example, a 

computational study by van Renterghem, Salomons and Botteldooren5 showed that W/H ratios less 

than 1 reduce the sound levels in receiver canyons. The study reported differences between the 

different ratios as over 20dB, especially for frequencies <400Hz and >1000Hz. However, for W/H 

ratios over 1, the sound level in the receiver canyon is more or less constant. For the sound level 

within source canyons, Hornikx and Forssén8 found a subtle negative effect, i.e. the sound level 

increased as an effect of the street width. The sound attenuating effects of low W/H ratios are also 

highly dependent on the weather conditions5. 

3.1.2. Facades, roofs and ornaments 

Facades ornaments, such as building protrusions including balconies, parapets and bay windows, 

diffuse the sound field in source canyons. Consequently, the sound levels in source and receiver 
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canyons drop, as the sound energy that still leaves the source canyon is lower. Compared to a rigid 

facade, i.e. facades without ornaments or protrusions, balconies can cause up to 5dB in noise 

reduction, depending on the frequency (i.e. greatest reduction for frequencies >400Hz). Similarly, a 

tilted parapet (30°) bending towards the source can reduce sound for frequencies below 400Hz5. 

Except for higher frequencies, the tilted variant did not lead to more noise reduction than a straight 

parapet. Another benefit of tilted parapets and balconies is the extra shielding they provide near the 

facades within balconies9. This effect is most noticeable for the lower floors, which are closer to the 

sound source9. For aircraft noise specifically, facade protrusion can reduce reflections and diffuse the 

sound field near facades10. Scale model tests revealed a maximum sound reduction of about 4dB, 

based on a broadband source with a spectrum between 25Hz and 630Hz10. The design of roof tops 

also affects the sound level in adjacent canyons. A roof can increase diffraction by its shape, and 

thereby scatter the sound above the roof top11. For traffic sound moving between two canyons, a saw-

toothed roof top abates the sound in adjacent canyons most effectively, i.e. reducing it by over 

10dB(A). For specific parts of the facade, this level can exceed 15dB(A) for light vehicles11.   

3.1.2.1. Surface materials 

When sound travels over a surface, the impedance of the ground can reduce the sound level that 

reaches the receiver by means of reflections and absorption. If the ground surface is reasonably flat, 

i.e. without hills or elevations, the surface absorbs incident sound waves, although the level of 

absorption depends on the frequency, angle of incidence and the surface material. Although an 

irregular terrain can also absorb incident sound, the scattering and abating effects caused by 

diffraction and reflections may outweigh the sound attenuating effects of the ground absorption. In 

general, porous materials absorb the incident sound better than rigid structures. This can be illustrated 

by a study that found that the sound level of a stationary aircraft engine 1000m from the source can be 

about 15dB quieter if the ground surface is formed by grass instead of concrete12. Porous materials 

such a thick layers of snow, forest mulch or gravel are likely to show even better results, as their flow 

resistivity is lower13,14. In cities, rough surfaces like walls or pavements scatter the sound waves and 

diffuse the sound field5. This also applies for absorbing materials mounted on walls in the street and 

adjacent canyons8. Consequently, less sound energy leaves the canyon, which results in lower sound 

levels in adjacent courtyards. Van Renterghem, Salomons and Botteldooren5 estimated that the sound 

levels are about 10dB lower for irregular facades compared to rigid ones. Within streets, the structure 

and material of the facades play an important role in the transmission of sound. Kang showed that an 

extra sound attenuation of between 2dB and 4dB can be obtained when absorbent materials are 

mounted on the walls or ground surface15. Balconies with porous material glued on the ceilings or on 

the back of parapets reduce the sound levels on the balcony and near the facade16,17. The studies found 

a maximum additional attenuation of 8dB, depending on the floor level and dimensions of the 

balcony17. However, weather wearing effects and rain create a challenge for the applicability of 
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porous structures in outdoor areas. An alternative are green walls growing on porous substrates. Green 

walls can yield a relatively high level of sound absorption, as long as the substrate is not too wet, with 

the foliage forming a protective layer covering the substrate18. Various studies showed the acoustic 

benefits of facade vegetation mounted on walls19,20. Green roofs can improve the noise reduction by 

about 10dB compared to a rigid roof21ï23. Moreover, the combination of a diffracting roof shape and 

vegetation yields a cumulative reduction of noise22.  

3.1.3. Landscape features 

Large-scale landscape features, such as hills and mountains, reduce the probability that noise will 

spread over a large area beyond a valley or enclosure. On a smaller scale, landscape features such as 

trees, tree belts and verges also substantially influence the propagation of sound. Forest or tree belts 

reduce noise in three ways12. Firstly, dead leaves form a porous layer of mulch on the forest floor, 

increasing the absorption of waves reflected towards the ground. Secondly, if dense enough, the 

foliage acts as a damping layer and attenuates incident sound through viscous friction12. Thirdly, the 

tree barks and trunks scatter and reflect the sound waves on the transmission path between a source 

and receiver. Trees and/or dense vegetation belts must be sufficiently wide to reduce noise from road 

traffic (i.e. motorways)12.  

Trees in streets will also scatter, absorb and reflect the sound, but to a lesser extent. Various studies 

show that vegetation belts can reduce traffic noise up to 10dB(A)12,24, although the noise attenuation is 

much lower in the case of downwind refraction12,25.  Foliage and leaves mainly reduce frequencies 

above 200Hz, while ground absorption has a larger impact on frequencies lower than 200Hz12,26. 

When it comes to reducing the noise emitted during the first part of an aircraft take-off, research has 

showed that the ground impedance level can make a difference13. A study showed that ploughing the 

ground on a regular basis can reduce low frequency sound in an area about 2000m behind the runway. 

However, vegetation also give the perception that noise levels are lower, even when the actual noise 

levels are unchanged. The perception of sound in relation to natural features will be discussed in the 

next section.  

3.1.4. Quiet building sides 

For road traffic noise, the relative difference of the exposure levels around a building also influences 

the level of annoyance. Several studies show that having access to a quiet facade can reduce the level 

of noise annoyance. In literature, a quiet facade can refer to a building side with an equivalent sound 

level below 45dB(A)27 or 42dB(A)28.However, the term also applies to building sides at which the 

relative difference between exposed and non-exposed facades exceeds 10dB29ï32. Other studies point 

to the importance of óquietnessô and / or ótranquillityô for the quality of the surrounding (acoustic) 

environment28,33. This can be described in acoustic terms, i.e. LAmax < 55dBA or LAeq < 42dB(A), or as 

the relative variances between sound events28,34,35.  
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3.2. Urban areas and sound perception 

The dual meaning of quiet building sides, as both absolute and relative, shows that sound exposure 

levels and peopleôs response are not necessarily congruent. Since the 1960s, researchers from 

different fields have collaborated to develop interdisciplinary research methods to study the 

reciprocity between context and the perception of sound. Many see the Canadian naturalist and 

musician Raymond Schafer as the founder of this discipline. Schafer was one of the first people who 

described the immersive and multifaceted character of sound and environments. Like the visual 

environment or landscapes, the auditory environment is the cumulation of individual sounds and 

experiences, resulting in a soundscape. To unify the variety of research and interpretations of what the 

term soundscape means, ISO standardized the definition in 2014. According to ISO, a soundscape is 

an óacoustic environment as perceived or experienced and/or understood by a person or people, in 

contextô36. Still, the variety of studies that relate to soundscapes is immense, ranging from 

ecological37,38 to architectural (or urban)3 and historical studies39. Soundscape studies often combine 

quantitative and qualitative research methods, such as acoustic measurements and surveys.  

Due to the scope of this research, this section will only consider soundscape literature connected to 

the built environment. More precisely, this literature study focuses on urban contexts that yield a 

positive effect on the perception of the acoustic environment. In this respect, various studies explore 

the impact of natural features, i.e. the audio-visual interplay between the sound of moving water and 

vegetation and the potential of water sounds to act as acoustic maskers40ï46.  

3.2.1. Perception of acoustic environments  

The perception of the acoustic environment can be assessed in various ways. As the field is relatively 

young, the academic community is still working towards the standardization of research metrics and 

methodologies. In relation to noise annoyance, the sensation that a tone or sound evokes is often 

measured by its óloudnessô and ósharpnessô47ï49. Zwicker50 added the ófluctuation strengthô as a third 

factor to measure the level of annoyance. The main criticism for using ónoise annoyanceô as a measure 

to describe the acoustic environment is that the wording inherently classifies noise as unwanted49. 

Instead, the quality or perception of an acoustic environment can be studied by asking people to rate 

its ópleasantnessô. As a descriptor, soundscape pleasantness relates to the roughness, sharpness and 

tonality of a sound51. However, Lavandier and Defréville52 also linked soundscape pleasantness to the 

sound level of a source, and the duration people are exposed to a sound. An alternative way to study 

acoustic environments is to measure the óquietnessô49. As discussed, in relation to building sides, 

óquietnessô can be formulated in absolute or relative terms.  The perception of quietness in relation to 

acoustic environments is not defined in more depth, other than the criterion that the sound levels 

should be >10dB lower near a quiet building side compared to the exposed facade. The óslopeô of a 
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soundscape is a metric which can be used to describe the perceived quietness of an area53ï55. The slope 

considers the number of sound events and the fluctuation of the sound exposure levels in an area over 

time49. On top of these metrics, a place can also be described in terms of the perceived tranquility, 

which relates to the amount of audible natural sounds and the sound levels, or the órestorativinessô of 

a soundscape28.  

Axelsson, Nilsson and Berglund56 analysed which latent variables are relevant descriptors for the 

quality of a soundscape. They showed that the factors ópleasantnessô and óeventfulnessô, combined 

with ófamiliarityô, explain most variance of the soundscape perception between individuals (50%, 

18%, and 6% respectively). Based on the results, Axelsson, Nilsson and Berglund56 designed an 

explanatory quadrant for the quality of soundscapes, formed by two extremes. The soundscape 

perception is measured on a quadrant scale with the opposites ópleasant versus unpleasantô and 

óeventful versus uneventfulô on the two axes. Axelsson, Nilsson and Berglund56 characterized eight 

soundscape variants, all positioned in the quadrants between eventful and pleasant (see Figure 22)56. 

 

Figure 22 Octagonal projection of eight soundscape varieties with the position of human, technological and natural 

sounds, based on the results of a listening-test comprising 50 excerpts56. 

Because of the predictive power of the opposites ósoundscape pleasantness versus unpleasantnessô and 

ósoundscape eventfulness versus uneventfulnessô for the perception of soundscape quality, the model 

is frequently used to measure soundscape quality 57,58. In general, soundscape pleasantness is 

associated with natural sounds while soundscape eventfulness represents the descriptions of liveliness 

and ambiance (e.g. the level of human sounds)(see e.g. 56,59) (see Figure 22). Aside from the work by 

Axelsson, Nilsson and Berglund, various other studies focused on the perception of soundscape 

quality in relation to acoustic factors, such as the average sound pressure level and/or the temporal 

variability53. However, the results are not always conclusive, and some scientists have questioned the 

appropriateness to consider only acoustic measure in respect to the soundscape53.  
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Finally, various studies stress the importance of the óappropriatenessô of an acoustic environment in 

relation to the visual surroundings60ï62. In other words, an individualôs expectations about the 

soundscape should be congruent with the actual soundscape of a place. This doesnôt necessarily imply 

that appropriate soundscapes are ógoodô or preferred53. Instead, appropriateness, or soundscape 

congruence, is seen as an additional criterion to rate the soundscape quality, together with variables 

such as the ópleasantnessô and óeventfulnessô.  

3.2.2. Moving water and masking 

Sounds from moving water vary in temporal variability, loudness and sharpness, and can be artificial 

or natural 44,63,64. A few audio-only studies reported sea waves as the water variety that was rated most 

pleasant44,65, but sea sounds are hard to implement in urban settings when designing for places that are 

not close to the coast. Water sounds do not improve the soundscape quality in all situations though63, 

and therefore the right sound source must be carefully designed and selected before being 

implemented. For example, waterfalls or water features generating a relatively constant and low 

frequency sound were rated as less pleasant than babbling streams44,63
. On the other hand, fountains 

with a lower sound level and high temporal variability were rated as most pleasant. The general effect 

of moving water on the perception of soundscapes is often linked to sound masking 66ï68. Sound 

masking techniques can be divided in two groups: 1) energetic and 2) non-energetic or informational 

masking. Energetic masking makes a target sound inaudible by adding sound with a similar spectral 

and power domain. In the second form of masking, the masking sound is (partially) different from the 

target sound, but creates uncertainty as to the target soundôs origin and meaning. Therefore, it 

becomes harder to distinguish the target and masker sounds, thus increasing the audibility threshold of 

the individual sounds 67. In urban contexts, masking is linked to the source prominence and hierarchy 

between fore- and background sounds, which make the soundscape of an area 58,59,69. Literature 

showed that adding moving water changed what people saw as the most prominent source in a 

soundscape, which was seen as a form of non-energetic masking by the authors 59. Water can 

energetically mask traffic noise, but only when the sound spectrum and temporal variance of the two 

(or more) sources coincide 40,64,70,71. Galbrun and Ali40 concluded that the frequency spectral 

components of road traffic make even the most preferred water varieties unsuitable for masking traffic 

noise energetically. However, studies suggest that added water features/sounds? can increase the 

auditory appraisal of road traffic noise by informational masking or distraction 40,43,64,72. The sound 

level and spectral composition of added water features do not have to be equal to the traffic noise, but 

can enhance the soundscape quality when the water sound level is up to 3 dB(A) lower than the noise 

level of the traffic noise 40,42,72. Carefully designed water features in public places could therefore 

improve the soundscape quality of urban environments that are contaminated with mechanical sounds.   
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3.2.3. Visible vegetation and sound perception 

Studies on the effects of vegetation on sound appraisal range from research on the impact of 

landscapes and surroundings, to the role of trees and vegetation on walls, fences and (noise) barriers 

73ï77. Traditionally, this was measured using projections and images combined with headphones or 

speakers, whereas now integral technologies like virtual reality (VR) have become more common 78,79. 

Results from previous studies stress the importance of congruence between expectations and 

soundscape73,74,76 and the positive effects of vegetation and natural visual cues in urban areas 76. 

Additionally, it was found that the perception of noisiness decreases when a source remains partly 

visible through the greenery 77. More recently, studies have explored the impact of green walls and 

trees in outdoor urban settings42,78 through immersing participants in urban scenes by using 

projections or (more recently) virtual reality 78,80. One finding was that vegetation, mainly in the form 

of trees, improved sound appraisal in an urban setting and scored more highly than other forms of 

vegetation like wall greening or shrubs 42. Similar effects were found in a Belgian study where 

scenarios containing vegetation mounted on a fence over a motorway were the most effective in 

improving the quality of the soundscape 41. On a larger urban scale, vegetation and access to green 

areas (e.g. parks or nature) contribute to a lower annoyance rating from traffic noise 27,81,82. This is 

partly attributed to the restorative character of green areas, and partly to the aesthetic qualities of 

vegetation 45,81,83.  

3.3. Summary 

¶ Literature on the propagation of sound in urban areas can be divided in three groups, 1) city 

planning, 2) design of buildings and streets and 3) surface materials. The groups are based on 

the urban scale (micro versus meso) and a paperôs research objectives. 

¶ The acoustic effects of buildings and cities are usually studied by means of heuristic or wave-

based acoustic computational models, which are discussed in chapter 4 in more depth.  

¶ The dispersion of (road) traffic noise in between and around buildings depends on the 

architectural design, such as the shape of balconies, rooftops, the building height and street 

dimensions. 

¶ Landscape features, such as hills or elevations, and acoustic absorbing surfaces, such as 

porous substrates or ploughed land, can reduce the intensity of reflected sound (ground) 

waves.  

¶ Literature shows that the intensity of aircraft noise around buildings depend on the urban 

configuration of an area. However, it is unclear which design variables, like e,g, the geometry 

and materialization of buildings and streets, induce these differences around and between 

buildings. This question is studied in chapter 7.  

¶ For road traffic noise, access to a quiet building side can reduce the perception of annoyance. 

A quiet building side can refer to a facade with a sound exposure level <45dB(A), or when 
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the relative difference between an exposed and shielded facade exceeds 10dB. In respect to 

aircraft noise, this theme is studied in chapter 5.  

¶ Beyond the quantifiable acoustical description of a place, the acoustic environment or 

soundscape, can be characterized focusingin qualitative terms, e.g. based on the (emotional) 

perception of a place in respects to the sound(s).  

¶ Soundscapes can be described in various ways and by means of a multitude of metrics. 

However, research showed that the best descriptors for the soundscape quality are the 

ópleasantnessô, óeventfulnessô and ófamiliarityô, and the congruence between expectations 

about the soundscape and the visual environment. Hence, the constellation of sounds that 

blend together forming a soundscape can be influenced by adding, or masking, individual 

sources. Instead, also visual stimuli can be added or removed to influence the perception of 

the context and soundscape.  

¶ Literature indicate that the presence of natural features, such as trees and moving water, 

improve the soundscape quality in areas exposed to aircraft noise. It is unclear to what extent 

natural features also influence the perception of aircraft noise, which is studied and discussed 

in chapter 8.  
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4. Predicting aircraft noise around buildings 
 

Numerical noise models play an essential role both in maintaining noise regulations and in acoustic 

research. Since computers have become faster, the available numerical methods have become more 

advanced, which has resulted  in better and more accurate and viable models1. Today, numerical 

models are used for a variety of applications at different spatial scales. For example, numerical 

models forecast the equivalent noise levels around airports, or in cities, used to monitor excess sound 

exposure levels2. Auralization models are used in research and communication to render an immersive 

and realistic experience of a passing car or a flying aircraft 3,4. However, each model has its 

limitations, and whether a numerical method is fit for purpose depends on constraints like time, spatial 

scale and noise source. While aircraft prediction models predict the sound pressure level for large 

areas, obstacles like buildings are omitted. Aircraft auralization models can adjust the sound signal to 

local weather conditions, but only consider ground reflections. On the other hand, urban acoustic 

models are used to predict the sound propagation around buildings or in streets, but often for a non-

refracting atmosphere. Consequently, there remains a gap between the models appropriate to predict 

the propagation of aircraft noise and those models developed to predict the propagation of sound 

around buildings.  

This chapter introduces the existing numerical models used both in academia and in real world 

applications to predict noise in cities and from flight procedures. Thereby, the chapter discusses the 

advantages, applications and limitations of the different models. The chapter commences with urban 

acoustic models, followed by aircraft noise mapping and auralization models. The second part of the 

chapter introduces existing ways to simulate atmospheric effects in the acoustic simulation models. 

Finally, the chapter presents an overview of validation methods and literature on the fidelity of 

acoustic simulation models.  

4.1. Urban acoustic models 

Urban acoustic models are used to study and map the propagation of sound in cities and around 

buildings. Whether a model is fit-for-purpose or not will depend on the urban scale and the objectives 

of an experiment or project. In literature, urban acoustic models are usually divided in two groups: 1) 

wave-based or physics models and 2) heuristic or engineering models1. Some scientists add a third 

group in addition to these two groups5. To avoid any possible ambiguity, only the terms ówave-basedô 

and óheuristicô will be used in relation to both groups from now on. This third category comprises 

numerical methods which are either regarded as hybrids between the first and second group, or as 

methods which do not fit the traditional characteristics of the models in either group5. To avoid any 

ambiguity, the first group of models will be referred to as ówave-basedô, the second as óheuristicô and 

the third as óhybridô from now on. These three groups and their representative models are discussed in 

the following sections.  
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4.1.1. Wave-based models 

The first group comprises numerical methods which calculate the sound pressure level by solving 

wave equations, hence the name ówaveô or óphysicsô based models1,5. Wave-based methods predict the 

sound dispersion with a high accuracy, and generally focus on air pressure fluctuations within a time 

or frequency domain. The basis of wave-based models are mathematical formulae that describe the 

transmission of waves. If meteorological effects are included, the linear Euler equations are solved 

thus1:  
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In these equations, ὧ refers to the adiabatic speed of sound, ” to the atmospheric density, ό to the 

wind speed, ό the acoustic velocity and ὴ to the pressure. Alternatively, the wave equation is solved 

for situations without weather effects1: 
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Instead, a time-independent variant of the wave equation is given by the Helmholtz equation, used for 

the frequency domain1:  

Ўὴ Ὧὴ πȢ (4.4) 

 

The equations illustrate that, even within the wave-based category, there are differences between the 

models which depend on the chosen numerical method. In a recent article, Hornikx1 made an 

overview of the most relevant and widely used wave-based models (see Table 1). Without describing 

the advantages of each model, the table shows the range and differences between the existing wave-

based methods. Again, the calculation speed and accuracy vary between the models, and depends on 

the context in which they are used. For example, PE models are relatively fast because they only 

consider the reflections in one direction, while reflections between walls are omitted. Another 

difference are the spatial limitations of the methods. While some models only calculate the sound 

transmission in a two-dimensional plane (e.g. the FDTD method)6, others calculate the sound 

dispersion in all three directions (e.g. the PSTD method7). Due to the computational overhead, wave-

based models are usually only used in academic studies. More specifically, wave-based models are 

often applied for urban microscale studies in which the propagation of sound in a street, or between a 

few canyons, is analysed. Within street canyons, meteorological factors such as the wind and 
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temperature only have a small effect on the propagation of sound. Hence, many urban microscale 

studies omit atmospheric refraction. However, this does not mean that wave-based models are less 

appropriate for the simulation of atmospheric effects. For example, wind effects influence the sound 

propagation over roof tops or fields, and solutions have been developed for such problems8,9. At the 

time of writing, an interdisciplinary research project aims to combine CFD (computational fluid 

dynamics) and wave-base acoustic models10. The project seeks ways to improve the prediction of 

sound levels from distant sources in urban areas under different wind and weather conditions. 

Although first results have already been published, the final conclusions are expected around 2020.  

Table 1 Comparison of various wave-based urban acoustic models by Hornikx1. TD refers to time domain, FD refers 

to frequency domain, and the signs +/-/o refer to the level of appropriateness of the model, + refers to high, - to low 

and o to medium. See1 for the original source of the table. 

Method Type Meteo Reflection Diffraction Frequency 

Mean 

profiles 

Turbule

nce 

Air Abs. Geometry Materials Storage Accelerati

on 

PSTD TD + + + o - + + + 

FDTD TD + + o o + + o + 

BEM FD - - o + o + o o 

FM, BEM FD - - o + o + + o 

ESM FD - - + o o + o o 

TLM TD + + + o + + o + 

PE FD + + 0 - 0 0 0 0 

Modal/FE

M 

FD 0 0 0 - 0 + 0 0 

 

4.1.2. Heuristic models 

The second group comprises models with a lower fidelity than wave-based methods, but with a 

greater flexibility and faster calculation speed to predict noise in streets, neighbourhoods and cities. In 

contrast to wave-based methods, heuristic models compute the sound transmission between sources 

and receivers based on empirical observations and standarizations11. Hence, sound is not calculated as 

the air pressure within a time or frequency domain, but as the energy exchange between a source and 

a receiver1,5,11. Therefore, in the first instance, it is required to detect the possible propagation paths 

from a source to a receiver. There are different methods available to do this, and the appropriateness 

of each method depends on the application11. The image source method considers the boundaries of a 

(street) canyon as reflective, and mirrors the source positions by means of imaginary canyons11,12. 

Consequently, the sound level at the position of the receiver is the summation of the energy 

transmitted from the (centre points of the) image sources to the receiver as it would in a free field 

situation (no walls or grounds)11. To anticipate on the absorption of sound reflected against walls, the 

energy is corrected based on the absorption level of the rebounding surfaces. On the other hand, the 

ray-tracing method disperses a large number of densely-packed rays, traces the paths between the 
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source and receiver, and determines the paths that cross the receiver13,14. Subsequently, only those 

paths that reach the receiver are selected for further analysis. The ray-tracing and image source 

methods are commonly used together in heuristic methods, although some models use alternatives 

such as beam or particle tracing11. Compared to wave-based methods, heuristic models are less 

accurate for large wave-lengths, multiple reflections and irregular surfaces1. For diffusely reflecting 

boundaries, the radiosity method is a viable alternative. The radiosity method divides a boundary into 

patches or nodes, after which the energy transmission between the individual nodes is calculated. The 

method is especially useful to predict the soundôs reverberation time more precisely in a street canyon 

or square11,15. A higher reflection and diffraction order increases the accuracy of a method but also 

slows down the calculation speed1. The calculation speed and accuracy of heuristic models depend on 

the model settings to a much greater extent than wave-based methods, which simulate the spherical 

dispersion of a wave1.   

After the relevant paths, nodes or particles have been determined, the heuristic models calculate the 

overall sound levels as the summation of the energy that reaches the receiver. Again, this is radically 

different from wave-based methods, in which the sound level is calculated by integrating the pressure 

fluctuation on a time domain. In heuristic models, the energy transmission depends on the procedure 

or standards followed. Thus, heuristic models comprise two components: the path-tracing and the 

energy exchange algorithm. Examples of the latter are ISO 9613-2, Harmonoise and Nord20005,16. 

ISO 9613-2 is a typical example of a heuristic method based on empirical standards. In ISO 9613-2, 

the total sound attenuation ὃ is calculated as follows5: 

ὃ  ὃ ὃ ὃ ὃ ὃ  (4.5) 

 

In the equation, ὃ  refers to the sound attenuation due to atmospheric spread, ὃ  to the 

atmospheric absorption, ὃ  to the ground effect, ὃ  to the attenuation from obstacles and ὃ  to 

the sound attenuation from scattering zones such as dense vegetation. Alternatives, such as 

Harmonoise and Nord2000, follow a similar approach, i.e. the total sound attenuation is the result of 

individual contributors like atmospheric absorption, diffraction, ground reflections and so forth16. The 

main differences between different heuristic methods lie in the calculation procedures for these 

individual contributors. For example, Harmonoise and Nord2000 calculate the effects of edge 

diffraction, scattering zones, ground reflections and refraction differently16. Because heuristic models 

are regularly used to predict noise levels for larger urban areas with substantial distances between a 

source and receiver, atmospheric effects are rarely omitted. These are calculated differently though, 

depending on the model. The next section will discuss this in more depth.  

Heuristic models are used for both micro- and mesoscale studies11,12,15. However, since wave-based 

models have become faster and more accessible, i.e. via open source codes, recent publications 



58 

 

indicate a trend towards the use of wave-based models for urban microscale studies1. This is not the 

case for urban mesoscale studies and for real world applications, as heuristic models, which offer a 

good compromise between fidelity and calculation speed, are better suited to their requirements. 

Commercial acoustic calculation packages, such as Soundplan and Cadna, usually integrate various 

heuristic methods or standards into the model in combination with path-finder algorithms. For 

example, Cadna implements ISO 9613-2 for normal cases and industry noise, but integrates ECACôs 

doc 29 for aircraft noise, alongside two path detection algorithms. As calculation standards often vary 

between countries, this ensures that commercial packages can be exported internationally.  

4.1.3. Hybrid models 

Aside from these two groups (heuristic or wave-based models), there are examples of hybrid models 

that blend elements from both groups. For example, some methods combine a ray-tracing algorithm 

with solving the Helmholtz equation instead of empirical approaches  to calculate the sound pressure 

level17ï19. The advantage of blended approaches such as these is that it overcomes the problem 

heuristic models encounter, mainly for interference of low frequency sound11. Additionally, the ray-

tracing part makes it easier to calculate the sound propagation over larger areas and for three 

dimensions, within a reasonable calculation speed. Statistical learning models are another example of 

a hybrid approach5. The models rely on (heuristic) data that is divided into binary decision trees, 

which are based on specified criteria. In the first place, these criteria are based on an underlying 

theory that describes the propagation of sound in outdoor areas. Subsequently, a neural network 

algorithm is trained to perform (regression) analyses. Like any neural network, the accuracy of the 

outcomes depends on the amount of data fed into the model.  

4.2. Aircraft noise prediction models 

Aircraft noise prediction and auralization models are structured in a similar way to heuristic urban 

acoustic models. Aircraft noise predication models such as FAAôs INM, recently replaced by AEDT, 

and ECACôs doc.29, calculate the average sound pressure level in an area by using heuristic tabulated 

data2,4,20. To achieve a compromise between the calculation speed and the accuracy of such models, 

the distance between grid points is large (>10m)21. Consequently, relatively small objects, such as 

buildings, are omitted, and only ground reflections are considered4,22. The models compute the sound 

level in an area based on the power-noise-distance, normally at a height of 1.2m above the ground 

surface, and as a function of the thrust settings4. The NPD contains tabulated data of typical 

propagation profiles which are specified for aircraft and engine types, and/or for different flight 

settings and meteorological conditions. In order to take ground reflections and refraction into account, 

the models add a correction for the Lateral Attention (LA)4,23. However, as this is fairly simplified 

compared to reality, recent studies have tested more sophisticated methods of including atmospheric 

effects based on a ray-tracing algorithm23. Based on weather data, the ray-tracing component 
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attributes a curvature to the propagation path between a source and a node representing an area. The 

outcome is then used as an overlay to correct the NPD data for atmospheric refraction. Due to the 

velocity of an aircraft, the angle the sound waves are dispersed at is constantly changing. Although 

the phase difference between direct and reflected waves can lead to interference, it is often neglected 

for noise mapping purposes. This is because the reinforcement and cancellation effects will alternate4.  

Like most heuristic urban acoustic methods, aircraft noise auralization models solve a ray-tracing 

algorithm to determine the sound propagation paths between a source position and a receiver22. 

Aircraft auralization models are used to create an immersive and realistic impression of an aircraft 

flyover for laymen. The position of the flight path and the receiver are usually fixed and preset22, 

although there are also examples in which the receiver can move around24. In every case, the sound 

signal is adjusted for the binaural effects induced by head rotation. The propagation path must 

therefore be recalculated for each position, and is adjusted to the specific atmospheric conditions that 

apply to that path. If the distance between the aircraft and a receiver is great, atmospheric refraction 

can play a significant role to create a realistic auditory experience4. This means that the auralization 

models should anticipate on wind and temperature gradient, which can deform the sound signal4,25. 

However, research shows that atmospheric effects only render a signal clearly different, if the angle of 

incidence of the direct sound wave is <15°. Aside from refraction, the ground reflections will change 

for each position, and must be recalculated accordingly. To limit the computational overhead, 

auralization models only consider a very small number of ground reflections per path, and often only 

one22,24. The current generation of aircraft noise auralization models omit surface reflections and edge 

diffractions, although this will change in the foreseeable future1F

2. A comparison between 

measurements of four aircraft flyovers and a synthesized aircraft flyover showed that interference 

effects were virtually absent in the measured data26; in fact, compared to the measurements, the 

numerical results overestimated the impact of interference. For this reason, the relevance of phase 

difference corrections to simulate interference between direct and reflected waves can be questioned. 

4.3. Simulating atmospheric refraction 

As discussed in the previous chapter, the scattering and refraction of sound waves is influenced by 

wind and temperature gradients in the atmosphere. This effect is most noticeable when walls or 

barriers do not surround a noise source (as they do in street canyons). For this reason, atmospheric 

effects are often omitted in urban microscale studies. However, for large distances between a source 

and a receiver (>100m)14 or for sound propagating over features like roof tops, atmospheric refraction 

will come into play1,9. Refraction means that the speed of sound gradient changes, and thus the 

direction of the vector normal to the wave front. From a mathematical perspective, refraction is 

described by the laws of Snell and Huygen14. These laws state that at the border of two fluids with 

                                                      
2 NLR recently started a research project on this topic.  
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different volumetric mass densities and with different speed of sound gradients ὧ and ὧ, an incident 

plane wave will form secondary spherical waves. This will change the direction of the wave front, 

indicated by the angle ‎. In Snellôs law, this leads to the following equation14: 

 

ÃÏÓ‎

ὧ
 
ÃÏÓ‎

ὧ
 (4.6) 

 

This means that the direction of the sound front (‎) changes as the speed of sound gradient changes in 

a different medium. Hence, if the speed of sound gradient of an air layer is known, the direction of the 

sound wave in the corresponding layer can be calculated.   

 

In an ideal non-moving or homogenous atmosphere, sound moves with the adiabatic speed of sound. 

However, in an atmosphere with wind and temperature fluctuations, the sound rays movement is 

proportionally affected by the gradient of wind, sound speed and direction of the ray4. To reconstruct 

the path in such conditions requires complex differential equations. However, this is simplified by 

adding the wind velocity to the sound speed, which results in the effective sound speed ὧ  (ὲᴆ 

denotes the ray direction, όᴆ the wind speed)4,14,27,28.  

ὧ ὧ  ὲᴆ ẗ όᴆ (4.7) 

 

Consequently, the direction of the wave front becomes subject only to the speed of sound. When 

applying this to rays, a rayôs change of direction (ίᴆ) is proportional to the refractive index – (1/ὧ )4.  

ȿɳ†ȿ  – (4.8) 

 

This means that the normal of the wave front (†ɳ) only depends on the refraction index and is 

inversely proportional to the effective speed of sound4.  

Ὠ

Ὠί
 ίᴆẗɳ         ᵼ        

Ὠ

Ὠί
 ɳ ʐ  ɳ ίᴆẗɳ†  ɳ– 

(4.9) 

 

A rayôs change in direction with arc length ίᴆ is defined by the gradient of the speed of sound in a 

layer4. For a simplified atmosphere formed by a fluid moving at the same speed and with the 

volumetric mass density, a linear speed of sound profile ὧᾀ can be formulated by the following 

equation: 

 

ὧᾀ ὧπ ρ ὥᾀ (4.10) 
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In the equation, ὧπ refers to the sound velocity on the ground, ὧ to the speed of sound at the ground 

surface (340m/s under normal conditions) and ᾀ to the height. The factor ὥ indicates the direction of 

the curvature 
Ў

Ў
Ⱦὧ , with positive values for downwind and negative values for upwind (using 

m/s) which depend on the wind speed14,25. However, as temperature and wind velocities change 

together with the height, the effective speed of sound also changes accordingly. This computes a 

logarithmic increase of the speed of sound profile, which results in a realistic profile of the effective 

speed of sound in the atmospheric surface boundary14. Salomons14 described the relationship between 

the height ᾀ and the effective speed of sound as follows: 

 

ὧ ᾀ ὧ ὥÌÎ
ᾀ

ᾀ
ρ 

(4.11) 

 

In the equation, the factor ᾀ is the roughness constant, which depends on the ground surface.  

 

In wave-based numerical methods, various solutions have been developed to deal with refraction and 

moving mediums. Examples of these are the PE (parabolic equation), FFP (fast field program) and 

CNPE (Crank-Nicolson parabolic equation) methods1,14. The methods yield accurate results but 

usually perform the calculations in a two-dimensional plane14. As a ray-tracing model is used in this 

research, the chapter will not discuss these methods in depth.   

 

 

Figure 23 Linear speed of sound gradient and refraction of a ray, representing the propagation path of sound, 

between a source (S) and a receiver (R)29. 
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Figure 24 Linear speed of sound gradient and refracting rays for a strong downward refracting wave29. 

In ray-tracing-based acoustic numerical methods, refraction can be simulated by attributing a 

curvature to a path, based on a (series of) linear gradient(s)14. This means that a normally straight path 

is divided in smaller segments, and each segment corresponds to the speed of sound gradient of the 

layer in the relevant atmosphere. Consequently, the total curvature is the summation of the combined 

angles. However, a full and detailed reconstruction of the curvature requires complex prediction 

models. Instead, many heuristic acoustic models assume a linear speed of sound gradient for the 

atmosphere. This means that the rays bend like circular arcs. For moderate downward refraction, only 

the curvature of the direct path and the ground reflection are of interest (see Figure 23). In case of 

strong downwind refraction, or for large(r) distances between a source and a receiver, additional arced 

reflections on the ground surface come into play, and these can be determined by a fourth-order 

equation29,30 (see Figure 24). Without going into great detail, the equations show that the speed of 

sound gradient determines the direction of the sound wave in a non-homogenous atmosphere. While a 

single gradient assumes a linear gradient for the whole atmosphere, more sophisticated methods 

divide the atmosphere into different layers, and determine the gradient using Snellôs law.  

4.3.1. Refraction in heuristic and auralization models 

To calculate the effective speed of sound based on the meteorological conditions, different equations 

describe the relation between the wind speed, temperature and height. Attenborough25 demonstrated 

the relationship between the speed of sound ὧּפ, wind speed όּפ and temperature tּפ at height ּפ 

as follows25: 

ὧּפ ὧπ
ὸּפ ςχσȢρυ

ςχσȢρυ
όּפ 

(4.12) 

 

Heuristic urban acoustic models deal with refraction in various ways. Some methods, such as ISO 

9613-2, do not specify further standards for the calculation of refraction31. However, numerical 

methods such as Nord2000 and Harmonoise include the option to adjust the sound pressure level for 

atmospheric effects. One of the main issues with refraction is achieving the right the balance between 
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accuracy and numerical complexity. This issue also arises in the numerical approaches developed for 

refraction. Although a linear speed of sound gradient is a simpler approach to correct a ray for 

atmospheric effects, atmospheric refraction is seldom linear. Instead, the velocity increases almost 

logarithmically during the daytime, with a similar profile for the atmospheric speed of sound. To 

achieve a compromise between simplicity and accuracy, Nord2000 and Harmonoise compute a linear 

approximation of a logarithmic profile16.  

Both methods use a similar approximation for the vertical sound speed gradient ὧᾀ, consisting of a 

logarithmic (A) and linear part (B) and explained by the following equations32: 

ὧᾀ ὃὰὲ
ᾀ

ᾀ
ρ ὄᾀ ὧπ 

(4.13) 
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(4.15) 

 

In A, ό refers to the wind speed component in the propagation direction and ᾀ is the roughness factor 

of the surface. B depends on temperature ὸ, assuming a linear increase of temperature by height. 

Consequently, a linear approximation ὥ is calculated for the whole path between source and 

receiver32. Although the basic equations for refraction in Harmonoise and Nord2000 are comparable, 

the models use the equations in a different way. While Nord2000 bends the rays according to the 

calculated curvature, Harmonoise curves the ground surface16. For calculating refraction, the 

Nord2000 model is viewed as more accurate than the Harmonoise method5,16.  

An alternative method was developed for the auralization of aircraft noise was one in which the 

propagation path is adjusted based on meteorological data. Instead of a linear approximation, the 

curvature of the propagation path is based on Snellôs law4 (see equations 7, 8 and 9). This means that 

the path is divided in segments, and the direction of the path depends on the wind velocity in the air 

layer relating to the segment. In theory, more sophisticated options are also possible. However, as the 

auralization model must recalculate the paths and curvature in split seconds, the process requires a 

relatively fast algorithm to solve this. Research showed that the results computed by refracting rays 

are not always different from straight rays. If the incident angle at the receiverôs position is higher 

than 15 degrees, the numerical results of curved and straight propagation paths are similar or 

sometimes even identical22. However, this conclusion only applied for scenarios without walls or 

obstacles around a receiver.  
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Figure 25 Rays dispersed by a source at an altitude of 500m propagated in an atmosphere with a downwind 

refracting linear speed of sound gradient of 0.1s-1 (adapted from4). 

The solutions for refraction in ray-tracing methods also cause problems which are not an issue with 

wave-based models. The first issue is caustics, which are concentrations of rays, or places where the 

distance between the rays seems to vanish when rays cross paths4,14. Consequently, the algorithm 

predicts an infinite sound pressure at the position of the receiver, which is not realistic. Caustics are 

visible in Figure 25 around 5.4 and 9.2 km. To deal with caustics, different solutions have been 

developed for auralization and heuristic models (for examples see these studies4,14). The second 

problem is the so-called shadow zones, which are areas in which no rays can reach a receiver14,29. This 

only happens for upwind refraction, and a model based on ray-tracing will be unable to compute the 

sound level at positions within such areas. As for caustics, there are alternative solutions to correct the 

ray-tracing algorithm, and to estimate the sound level for positions in the areas. However, if no 

solution is implemented in a model, the algorithm will return an unrealistic result (zero) or lock itself 

in a loop. Although the sound pressure in such areas will be lower than for areas directly exposed to 

the sound waves, it will not be zero, due to atmospheric scattering and diffraction4,14. 

4.4. Predicting aircraft noise around buildings 

The current generation of aircraft noise mapping and auralization models are unfit to study the 

behaviour of aircraft noise around buildings. There are a few examples of studies which have 

presented research on the current modelsô unsuitability or which have tested alternative numerical 

approaches. Donavon33 published one of the first studies on this issue. In Donavonôs scale model 

experiment, a low-flying aircraft was simulated by means of a small propeller moving above a street 

canyon built from wooden blocks. The impact of the buildings or blocks on the sound levels was 

small, and in the order of 1dB33. More recently, some studies have focused on the effects of low-

flyi ng military aircraft34 and helicopters35, and others have measured the sound exposure around 

buildings directly or almost directly underneath flight paths36. These studies reported similar effects to 

those found in Donavonôs study.   
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Ismail and Oldham12 were the first scientists who published a numerical method to simulate the 

propagation of aircraft noise in street canyons. In their study, a low flying airplane (60m altitude) was 

simulated as a spherically radiating point source, using a commercial engineering model (Raynoise) 

and a specular image source model, for diffuse and smooth surfaces respectively. In the experiment, a 

generic broadband source was used, while the model used a reciprocity approach. A reciprocity 

approach is a numerical procedure in which the position of a moving source is kept constant, while 

the position of a static receiver is gradually changed. As the distance between the source and the 

receiver was relatively small, atmospheric effects were neglected. The results were comparable to 

those presented in the previous measurement and scale model studies.  

Hao and Kang37 developed a similar approach but simulated an aircraft flyover as a cylindrically 

radiating line source, using a commercial simulation package (Cadna). Hao and Kang37 varied the 

height and distance of the flight path in relation to the first row of buildings, and calculated the sound 

levels for different urban configurations. In total, the sound levels were calculated for 25 urban areas. 

The maximum altitude was 400ft (å122m) and the maximum horizontal distance between the source 

and the first row of buildings was 1000m. The study focused on the sound levels between the 

buildings for three frequencies (630Hz, 1600Hz and 3150Hz). The results showed that urban form has 

a significant effect on the sound levels on street level. As in the study by Ismail and Oldham, Hoa and 

Kang assumed a non-refracting atmosphere, i.e. straight propagation paths.  

4.5. Model validation and measurements 

The suitability of an acoustic numerical model depends on the context and the objectives of a study or 

project. To establish the accuracy and limitations of a model, there are three ways to validate a 

numerical method. The first approach is to compare the data collected through measurements in scale 

model experiments, e.g. in wind tunnels or anechoic rooms, and with a numerical model generating 

the results38,39. The advantage of this approach is that all the variables in the experiment can be fully 

controlled. A second approach is to compare a numerical model with data collected through in-situ 

measurements18,25. This approach provides the most realistic impression of the sound fields in urban 

areas. However, a clear downside is the relative lack of control over the experiment and any 

unforeseen or non-linear variables that may influence the results. For example, wind factors, such as 

atmospheric turbulence and eddies, scatter and refract the sound, but are difficult to map and measure 

without additional equipment and CFD models26. The third approach is to compare the results from a 

model with those from other (already validated) models5,40.  

4.5.1. Urban acoustic models 

Generally speaking, heuristic and wave-based models are validated in very similar ways16,18,41. To 

determine the deviation between measurements and numerical predictions, often the relative 

difference between a scenario with and without surfaces (free field) is calculated. In the context of 
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acoustic numerical methods, a free field refers to a scenario in which only direct waves are 

considered, and reflections against (ground) surfaces are omitted. However, it is also common to 

calculate the excess noise attenuation with respect to a baseline scenario42 or the reverberation time in 

street canyons15. When it comes to determining whether a modelôs fit or error level is acceptable, the 

existing literature does not indicate a standardized threshold or limit, although a mean deviation of 

<3dB seems widely accepted1,16. However, this limit is not set in stone, as in a study using a coupled 

wave-based PE and FDTD model, the maximum differences between measurements and calculations 

were å5dB for particular freqeuncies38. Still, the model is seen as accurate, because the results of the 

model and the measurements were comparable for most situations, and differences were usually 

substantially lower than 5dB38. The error between models and measurements increases for more 

complex urban forms though, or for greater distances between a source and a receiver. In a study on 

the propagation of sound over a wall in a wave-based PE model, incidental errors exceeded >15dB for 

particular scenarios39. This also applies for heuristic models such as Harmonoise and Nord2000. The 

results of numerical predictions and measurements are congruent as long as the scenario is relatively 

basic, such as the propagation of sound over a ground surface or a single (low) barrier16. The error rate 

increases for more complex forms, e.g. hills or slopes, with incidental errors up to 7dB16. However, in 

a validation study comprising many scenarios and comparing the Harmonoise and Nord2000 model 

with scale model tests, the mean error was <3dB and thus the models were deemed acceptable16. In 

general, literature shows that the Nord2000 and Harmonoise methods are more prevalent and accurate 

than ISO 9613-2, especially when the atmosphere is non-homogenous5,16,43. There were similar 

findings for numerical models benchmarked against in-situ measurements. For instance, in a scenario 

with sound propagating in an upwind turbulent and refracting atmosphere above a flat field, the 

maximum deviation between a wave-based FFP model and measurements was å4dB25,44. These 

results are similar for acoustic models that are not irrevocably wave-based or heuristic. For example, 

the results of measurements carried out in an ancient Greek theatre deviated with a maximum of å7dB 

compared to a hybrid numerical model18. However, for most scenarios the errors were smaller, and the 

mean results of the model agreed with the measurements.   

4.5.2. Aircraft prediction models 

The results of noise prediction models such as INM and doc.29 are based on noise profiles specified 

for combinations of different variables, such as the type of aircraft and engines during specific flight 

procedures and weather conditions. The data fed into the model is based on measurements, which 

means that further validation of the models is not required. However, the prediction models are 

usually influenced by political decisions made between airport and governments after consultation 

with local representatives. This means that the outcome of a noise prediction model represents the 

idealized situation in the first place. However, because the actual situation can be different from the 

idealized scenario, many airports are obliged to review the noise emissions annually45,46. If the 
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weather in a particular year was different from the average weather statistics, or if more flights landed 

or took-off at night, the contours on the noise map will change. The actual noise maps can be based on 

measurements around an airport, but also on calculations. When noise maps are based on calculations, 

the same noise prediction model is used, but the data inserted into the model is updated and based on 

the actual flight movements. The results can be used to hold airports and airlines accountable, even 

though the results are not used to validate the model itself.   

This is different for aircraft noise auralization models, as the models synthesize the sound signal, or 

adjust the signal based on the changing position of the receiver or the source. Hence, models are either 

compared to results from wind-tunnel tests or measured in-situ4,24. For example, a validation study by 

Arntzen and Simons22 showed that the results of their auralization model were similar to 

measurements26. In the study, the model fit is expressed by the æSEL and æLAmax values, i.e. the 

difference between measurements and simulations. Based on the comparison of four flights (all B747-

400 with the same engine), the peak levels deviated by a maximum of å2dB(A). For SEL values, the 

maximum difference was å4dB(A). However, differences were substantially larger for specific 

positions on the time axis around the position of the LAmax. The study showed differences of up to 

10dB which were attributed to atmospheric turbulence and wind gusts scattering the sound waves 

along the propagation path26. 

4.6. Summary 

¶ Urban acoustic simulation models can be divided in three categories: 1) heuristic (or 

engineering) models, 2) wave-based (or physics) models and 3) hybrid models. 

¶ Wave-based models offer a higher level of detail and accuracy compared to heuristic models, 

but often lack the flexibility to simulate larger areas and compromise on calculation speed.  

¶ In heuristic models, engineering methods, such as ray-tracing and image source algorithms, 

are commonly used to determine which propagation path(s) between a source and receiver are 

most relevant. To a lesser extent, this also applies for hybrid, aircraft noise mapping and 

(aircraft) auralization models. 

¶ Heuristic urban acoustic models were used to predict the propagation of aircraft noise around 

buildings and street canyons in previous studies. However, these studies omitted weather 

effects, assuming a homogeneous and non-refracting atmosphere. As discussed in chapter 2, 

atmospheric effects gain importance for the prediction of sound if a sound source is 

positioned in the atmospheric boundary layer.  

¶ In heuristic models, atmospheric refraction is simulated by adding a curvature to (a) 

propagation path(s). The curvature can be a composite of various directional vectors, based on 

the normal of the wave front per layer, or a single linear gradient. The latter significantly 

reduces the computational overhead of a model but is a less accurate method to simulate 
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atmospheric refraction. Literature shows that the first method is used in aircraft auralization 

models, which increases the accuracy of the calculations. The curvature is based on the 

relevant meteorological conditions per layer.  

¶ (Heuristic) urban acoustic models often calculate a single gradient for a refracting 

atmosphere, based on e.g. a linear approximation of a logarithmic speed of sound gradient. 

This raises the question if an alternative method, based on aircraft auralization models, could 

improve the prediction of aircraft noise around buildings in a (heuristic) urban acoustic 

simulation model. This question is studied and discussed in chapter 6.  

¶ Acoustic simulation models are validated in many ways. Based on the literature review it can 

be concluded that there are no formal guidelines or criteria on which basis models are rejected 

or accepted. However, literature suggest that a model is óacceptableô if the average 

discrepancy between a model and a benchmark case is <5dB, while an average discrepancy 

<3dB is considered as an indication of a good model fit. However, even when the overall 

model fit is good, model discrepancies exceeding 10dB for specific frequencies or cases are 

not uncommon. This forms the backdrop for the study presented in chapter 6.  
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5. The quiet side of buildings exposed to aircraft noise: in situ-

measurements on the noise reducing capacity of buildings during 

take-offs2F

3 
 

5.1. Abstract 

The design of buildings and cities can reduce the sound level near facades, especially for facades 

which are not directly exposed to the sound source. The properties of quiet building sides have been 

studied in relation to road and rail traffic at length. However, research on noise reduction by buildings 

exposed to aircraft noise is limited, especially for buildings which are not directly under and further 

from flight paths. This study compared the noise levels near the exposed and shielded sides of 

buildings exposed to aircraft noise. The results of 168 take-offs at three locations were analysed, all at 

least 200m away from the mean ground track of the flight path. The mean noise reduction around 

buildings (æLAeq) varied between 13dB(A) and 2dB(A). The mean maximum exposure levels (LAmax) 

were below 65dB(A) and significantly lower for the shielded facades in comparison to those exposed. 

Taller buildings showed a stronger noise reducing effect, while bays shorten the duration of exposure. 

The study found a significant non-linear correlation between the source position and noise reduction 

around buildings, even though the majority of the variance in æLAeq remained unexplained. The results 

indicate that the design of urban areas around airports can reduce excessive noise exposure.  

5.2. Introduction 

Aircraft noise causes stress-related complaints and has a negative impact on the well-being of 

residents living close to airports1,2. To protect people from excessive noise exposure, noise contours 

are a commonly used policy instrument, which restrict and regulate the expansion of urban areas 

where the noise levels exceed the legal thresholds1. Within the EU, contours are calculated on the 

basis of the European Noise Directive (END), which maintains that noise levels are based on the 

weighed equivalent sound levels (Lden and Lnight) 
3ï5. However, sound exposure does not automatically 

lead to annoyance, but rather is the consequence of reciprocal processes between exposure, context 

and response6ï9. Since the 1960s, cross-disciplinary research has focused on the relationships between 

annoyance, noise levels and perception of (aircraft) noise (see e.g. 7,10ï17). As with other sound 

sources, literature shows that the level of annoyance evoked by aircraft noise largely depends on non-

acoustic factors and context specific conditions (see e.g. 7,8,10ï13,18). For example, the average noise 

level (LAeq), often the bedrock metric in noise policies, predicts less than a third of the variance 

between individualôs annoyance levels7,11,16. Factors like the duration of exposure, the location of the 

receiver, the maximum exposure level (LAmax) and the number of flyovers correlate more strongly with 

                                                      
3 This chapter is co-authored by Dr Maarten Hornikx (second author), Jian Kang (third author) and Koen 

Steemers (fourth author), see appendix B for more information. 
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the level of aircraft noise annoyance than the L(A)eq
7. The location (outside versus inside and the 

activities undertaken by respondents were found to be the best indicators for the level of short-term 

annoyance levels during an aircraft flyover7. With regards to the acoustic metrics, peak exposure 

levels (LAmax) above 55dB(A), and especially above 65dB(A), are better predictors for the level of 

annoyance than the equivalent sound exposure levels. 

 

Figure 26 A) Two source positions with schematic sound paths: being reflected, diffracted around buildings. B) 

Schematized effect of refraction versus sound propagation without atmospheric refraction.  

Literature on the annoyance-reducing effects of quiet building sides show the importance of context 

for the level of noise annoyance. For road traffic noise, a quiet building side is defined as a facade 

without a direct line of sight to the noise source (nLOS from now on), where the LAeq is <45dB(A), or 

where the relative difference with the exposed facade (LAeq) is >10dB(A)19ï24. The shape and surface 

characteristics of buildings and streets can abate sound levels around or between buildings to meet the 

criteria for quiet facades (for example see e.g.25,30,34). Roof shape, (green) cladding, urban density and 

building dimensions scatter, diffract or absorb sound, as the sound energy decays due to reflections 

and diffraction over ridges and protrusions25ï33. Since the noise reducing capacity of smart building 

designs are largely studied in relation to road and rail traffic, it is uncertain to what extent buildings 

can reduce aircraft noise as well. Theoretically, the position of aircraft means that sound is dispersed 

from above, limiting the sound abatement by building edges (see Figure 26) (see e.g.35ï37). 

Furthermore, the direction from which the source emits noise, in combination with refraction, changes 

the angle of incidence of the sound waves as they hit a building38ï40. This can negate or greatly reduce 

the noise abating potential of buildings and tall barriers (see Figure 26b)38,39,41. For buildings close to 

the ground track of a flight path, buildings and streets scarcely attenuate any aircraft noise, which 

means that the sound level near dLOS (direct line of sight) and nLOS facades are almost 

equivallent42ï44. Moreover, reflections between buildings can amplify the sound level (i.e. LAmax 

levels) within streets with buildings on both sides42,44. This is different for sites at the flanks of a flight 
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path, where the horizontal distance between the ground track of an aircraft flyover and a building is 

larger. A computational study comparing twenty urban locations located less than 1000 metres from a 

flight path (altitude: 100-200ft) found differences up to 4.6dB between the individual locations36. This 

suggests that urban and architectural shape may reduce aircraft noise in such areas. But, because the 

study focused on the urban mesoscale, the variations in noise levels around individual buildings were 

not reported. The results are not backed by measurements or follow-up studies, and atmospheric 

effects were not considered. This raises the question as to what extent buildings can reduce aircraft 

noise when the horizontal distance between an aircraft and a building is substantially larger. 

This chapter presents the results of an exploratory measurement study, in which the sound levels 

recorded near exposed and non-exposed building sides were compared. To the best of the authorôs 

knowledge, no similar study for urban areas at a substantial horizontal distance from flight paths has 

been published before. A substantial distance is commonly defined as a horizontal distance >200m 

between a building and the mean ground positions of a flight path and a vertical flight altitude >400ft 

(å123m)36. This study had two objectives: 

1. To examine if sound pressure levels vary around buildings exposed to aircraft noise, and to 

what extent this yields a óquietô building side. 

2. To examine if the position of the sound source and the slant angle predict the difference in 

sound pressure levels around buildings exposed to aircraft noise. 

The chapter will introduce the research methodology and case study locations first. The second part of 

the paper presents the results and compares them with the results for other sound sources. The paper 

closes with the conclusions.  

5.3. Materials and methods 

5.3.1. Site description 

Acoustic data was recorded at three sites exposed to the noise from flights departing from Schiphol 

Amsterdam Airportôs Kaagbaan runway (see Figure 27). Only data from take-offs was analysed, as 

aircraft produce more noise distributed over a wider spectrum during departures compared to 

landings2,41. Measurements were carried out during the summer of 2016, with one or more 

measurement days per site. Meteorological data such as the hourly temperature, wind speed and wind 

direction was assigned to the acoustic recordings (see 5.3.2.4). Microphones were placed in front of 

and behind a single building with two or three buildings per site (see Figure 27). To limit the 

influence of background noise, the sites were at a distance from busy roads and (noisy) public areas as 

far as was possible (i.e. business parks during the summer).  
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Figure 27 Locations A, B, C (photos and sections), flight paths 1, 2, 3, and positions of the microphones for each 

location (source images: Google Maps) 
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Figure 28 Aerial photographs of the case study locations, including the positions of the microphones (numbers) and 

the sections (a ï aô) as shown in Figure 27. The pairs of microphones per location are the microphone pairs: A1-A2, 

A1-A3, A4-A5; B1-B2, B3-B4, B5-B6, C1-C2, C4-C3, C4-C5 
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5.3.2. Acoustic instrumentation and processing 

 

Figure 29 Signal processing in four steps: 1) isolating individual aircraft flyovers, 2) combining acoustic data with 

ADSB and weather data, 3) dividing data in groups depending on wind speed / direction and 4) aggregating data for 

each group. The figure illustrates the procedure for eight hypothetical aircraft flyovers. 

5.3.2.1. Signal processing 

Sound was recorded by using six calibrated microphones (B&K type 4189-A-021) connected to two 

NI USB-4431 devices (resolution was set at 44.1 kHz) and two laptops (three microphones per USB 

device; one USB device per a laptop). Each microphone was placed on a tripod 1.5 meters above the 

ground and 1.5 meters away from the facade. Recordings were carried out during the daytime and the 

early evenings. The start of each recording was marked by a short and loud sound signal to 

synchronize data sets from the two laptops. Separate data sets were merged to one matrix in 

MATLAB using the markers and default time labels attached to the individual files.  

The Fourier transform was applied to the sound signal for each microphone with a Hann window for 

the time interval of interest. The time interval was 1 second for all analyses, except for a regression 

analysis on the relation between aircraft position and the sound level around buildings. For this 

analysis the time interval was 3 seconds, to match the resolution of the ADSB data. Sound levels were 

expressed per 1/3 octave bands, with centre frequencies between 50Hz and 10000Hz.  

5.3.2.2. Identification of aircraft flyovers 

In the second step, sound from aircraft flyovers was detected and cut from the recordings. The 

OASPL graph for the dLOS microphones closest to the flight path was plotted and aircraft flyovers 
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were selected by visual and auditory screening (i.e. manually). In most cases, aircraft induced peaks 

were recognizable by a sudden increase of the sound pressure level rising to a peak level, followed by 

a gradual decay of the sound (see Figure 29 Frame 1). Aircraft flyovers can be divided in three phases: 

the moment the OASPL starts to increase (tstart), the maximum OASPL (LAmax), and the moment the 

OASPL returns to the initial sound level (tend). Literature often refers to ISO 20906 for aircraft flyover 

recognition. The ISO directive states that aircraft flyovers are recognized as such when the LAmax level 

exceeds the normalized OASPL by more than 10dB(A)43,45. In this study, the ISO 20906 standard was 

not followed for two reasons. Firstly, the difference between LAmax levels and the ambient sound level 

was often lower than 10dB(A), especially for location B and C. Secondly, there was a chance that 

peak levels had been contaminated by sound from other sources. The research team identified these 

by listening to the recordings of individual aircraft flyovers and excluded the contaminated 

recordings. Therefore, the first step was to look at the plots and select tstart and tend for each aircraft 

flyover (Figure 29 Frame 1). WAV files were played and evaluated to ascertain that sound peaks 

neither originated from e.g. HVAC units, cars or humans nor did they overlap with sounds from any 

such sources. A MATLAB code was written to cut the aircraft flyover from the data-set, using the tstart 

and tend tags (Figure 29 Frame 2). The aircraft flyovers were saved as separate files labelled with tstart, 

the duration (in seconds) and date in the file name. In total 894 flyovers were recorded, of which 215 

were deemed suitable for further analysis.  Aircraft flyovers were predominantly dismissed because 

other noise sources were audible in the sound file.  

5.3.2.3. Ambient sound levels  

Table 2 LAeq during intervals between aircraft flyovers for all locations and microphones. The total duration of the 

recordings was 149 minutes for location A, 164 minutes for location B and 298 minutes for location C. 

 Microphone 1 Microphone 2 Microphone 3 Microphone 4 Microphone 5 Microphone 6 

Location A 59.8 dB(A) 53.4 dB(A) 53.0 dB(A) 60.5 dB(A) 52.3 dB(A)  

Location B 55.4 dB(A) 50.3 dB(A) 51.8 dB(A) 48.8 dB(A) 51.7 dB(A) 49.6 dB(A) 

Location C 52.4 dB(A) 51.3 dB(A) 52.4 dB(A) 51.6 dB(A) 50.3 dB(A)  
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Figure 30 Tukey boxplots showing the distribution of the sound pressure level per microphone (FFT resolution: 1 

second) for the 63Hz, 125Hz and 500Hz 1/3-OB. The whiskers range maximum is 1.5 times the interquartile distance 

from t he maximum and minimum values of the box. Values not fitting within the 1.5 times interquartile range are 

marked as outliers. The grey dotted line shows the lowest average, with the grey solid line showing the lowest 

threshold (excluding outliers) for Lmax values per 1/3-OB as recorded for each site (see Figure 37). Outliers accounted 

for less than 0.5% of the data. 
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Figure 31 OASPL graphs microphones 1 and 2 during intervals in between aircraft flyovers for location A and B 

The chance that recordings were influenced by the presence of any unforeseen acoustic differences 

was further reduced by comparing the average sound level (LAeq) between microphones during the 

intervals in between aircraft flyovers. Although the aircraft flyovers were screened for irregularities in 

the previous step, the screening had only been performed for one microphone per location.  

Table 2 shows the OASPL values per microphone as recorded during the intervals between aircraft 

flyovers cut from the data. Additionally, Figure 30 shows the distribution of the sound pressure level 

(per second) for the 63Hz, 125Hz and 500Hz 1/3-OB. The values in the table are the average sound 

levels of the data per location combined from multiple days. This means that the data was combined 

regardless of differences in the weather on individual days, although variations in temperature and 

wind were small (see 5.3.2.4). The table shows that at locations A and B, OASPL levels for 

microphones close to roads were higher than for the other microphones. Also, the data suggests that 

the sound pressure level near microphone B2 was louder than near the other nLOS microphones B4 

and B6. To study this in more detail, 600 seconds was selected out of the data sets for location A and 

B, and was used to calculate and plot the OASPL. As can be seen in Figure 31, the sound level is 

higher for microphones A1 and B1 due to short peaks caused by car traffic and passers-by. The graph 

for microphone B4 follows a trend similar to that of microphone B2. Therefore, the difference is 

attributed to the noise from cars, as the microphone is closer to the main road than the other nLOS 

microphones. For the files containing aircraft flyovers, the microphones A1, B1 and C1 were 

controlled for car traffic and passers-by. Since the LAeq levels gave no reason to check other 

microphones for irregularities, no further manual analysis of the microphones was carried out except 

for those near roads. 
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5.3.2.4. ADSB positions and weather data 

Table 3 Weather data for the relevant measurement days per location. 1Refers to aircraft following direction 2, 

2refers to aircraft following direction 1, 3refers to aircraft following direction 3, *refers to total number of flights and 

** to the numbers of flights that could be matched with ADSB data. 

Locations Hourly wind 

speed range 

Hourly wind 

direction (range) 

Number of 

flights 

Temperature 

range 

(day average) 

(C°) 

Humidity 

range (day 

average) (%) 

Air pressure range 

(day average) (hPa) 

A1 7 ï 9 m/s 240-260° 67* / 53**   18.2 ï 18.5 76 ï 82  1009.3 ï 1018.9 

B1 9 ï 10 m/s 230° 18* / 18**  17.0 ï 19.2 70 - 84 1008.0 ï 1020.2 

B3 9 ï 10 m/s 230° 21* / 21**  17.0 ï 19.2 70 - 84 1008.0 ï 1020.2 

C1 6 ï 7 m/s  220-230° 32* / 31**   18.3 ï 21.8 78 ï 83  1010.9 ï 1021.9 

C2 6 ï 7 m/s 220° 30* / 19**  18.3 ï 21.8 78 ï 83  1010.9 ï 1021.9 

 

After separating aircraft flyover from the overall sound data, the individual files were matched and 

combined with meteorological and geo-positional (ADSB) data. ADSB was provided by the 

Netherlands Air Traffic Control (LVNL) and contained the geo coordinates (ground track) and 

altitude (resolution 3 seconds) of all air traffic near Schiphol airport for the relevant days. The 

information was used to divide aircraft flyovers in separate groups, based on the flight direction (see 

Figure 27 and Figure 29 Frame 3). Subsequently, these groups were further divided into subgroups 

with a similar wind velocity and direction profile. Data was not clustered around temperature or 

humidity variations, as the estimated effects of these factors on sound dispersion are smaller than i.e. 

the effects of wind46,47. As measurements took place during the same time of the day and during the 

same season, it was assumed that temperature could be neglected as determining factor. The weather 

data was derived from open source meteorological data or gathered by the Dutch Met Office 

(KNMI) 48, who operate a weather mast at the airport. The wind mast is positioned 10 meters above 

the ground, and the temperature sensor 1.5 metres above the ground. The data were based on the 

average values per hour and matched with the time tags added to the sound data. Table 3 shows the 

meteorological data and the number of flights for each location measured under similar 

meteorological conditions. The table shows that the variance in temperature, humidity and air pressure 

was small. The measurements were taken over a single month to minimise the seasonal variation in 

wind velocity and wind speed. The variation in weather types is small, partly because only take-offs 

from one runway and in one direction were analysed. For a few flights, the wind direction and wind 

speed clearly deviated from the mean. However, the number of these was too small for additional 

statistical analyses and so they were dismissed. In the end, one group was analysed for each flight 

direction (see Table 3).  
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5.3.3. Analyses 

5.3.3.1. Time variance and spectrum 

The variance of the sound pressure level during an aircraft flyover was studied in two ways. Firstly, 

the OASPL graphs and spectrograms of randomly selected flights were studied. Secondly, the mean 

sound level per flight direction was calculated, to study general trends across the flights. The mean 

was calculated by identifying the time position of the LAmax for each flight (see Figure 29 Frame 4). 

Because the duration of aircraft flyovers varied, the research team decided to align the LAmax time 

positions of the flights within the groups as of Table 3. The combined acoustic data of all aircraft 

flyovers radiates out from this central LAmax position, as seen in Figure 29 frame 4. The distribution of 

the aggregated data depends on the extremes in the underlying data. This means that the aggregated 

sound level at a time LAmax ï t, representing the distribution of data around the LAmax, is defined by a 

smaller number of flights when t increases. Therefore, the time window of 60 seconds around the 

LAmax was analysed (see Figure 29). 

ὒ ὸ  
ρ

ὲ
ὒ ὸ 

(5.1) 

 

Equation 1 presents the aggregation protocol, in which ὒὃὸ refers to the A-weighted sound level 

for a flight i for a moment (t) in seconds at the time interval between the minimum and maximum 

position for the range of all aggregated flights combined. ὒ ὸ refers to the aggregated A-weighted 

sound pressure level for moment (t) in seconds at the time interval between the minimum and 

maximum extremes of the aggregated data. From the ὒ ὸ different flight paths can be derived, e.g. 

ȹὒ  and ȹὒ ὸ.  

5.3.3.2. Maximum noise levels around buildings 

The distribution of LAmax values was studied for each microphone, in terms of the OASPL and the 

Lmax, for three 1/3-octave bands (63Hz, 125Hz, 500Hz). The distribution of the values was studied and 

compared to the 65dBA threshold from literature.   

5.3.3.3. Average noise reduction by buildings 

The second part of the analysis focused on the difference between the average A-weighted sound 

levels during a flight event (LAeq) per microphone. The LAeq is calculated with the following equation: 

ὒ ρπὰέὫ
ρ

ὲ
ρπ Ὠὸ  

(5.2) 
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The time length ὲ refers to the duration of a flyover in seconds (typically around 60-70 seconds) and 

ὒ ὸ to the A-weighted sound level over 1 second. Per flight event, the sound exposure levels for the 

pairwise dLOS and nLOS microphones were subtracted according the following equation: 

Ўὒ ὒ  ὒ  (5.3) 

 

Here, the difference between pairs of exposed (dLOS) and non-exposed (nLOS) microphones were 

studied. A pair was formed of two microphones that correspond to the same building (see Figure 27). 

As the ȹLAeq is independent from the source power level, results from individual flights are 

comparable and general trends could be studied. Like for the distribution of LAmax values, results per 

pair (i.e. per building) were plotted in whisker boxplots. The distribution of the results was analysed 

according to the definition of quiet sides, i.e. æLAeq > 10 dB. For the LAmax and æLAeq analyses, data 

was studied per location and flight direction for each of the groups, as in Table 3. 

5.3.3.4. Relationship between source position and noise reduction 

 

Figure 32 Two imaginary microphones around a building and the slant side calculated between an aircraft and the 

location. The slant angle and path length are based on a straight line between the first microphone and the position of 

the source (x, y, z). 

The last part of the analysis focused on the relationship between the angle of incidence and the sound 

reduction (ȹLAeq) by buildings. Instead of using the aggregated data and the mean sound pressure 

level, the ȹLAeq was calculated for each position (in time) for each aircraft flyover. Here, the angle of 

incidence is defined as the slant angle between the position of an aircraft and the location A, B or C. 

The microphone closest to the flight path represented the coordinates of the location, see Figure 32. 

By taking the slant angle as the angle of incidence of the sound front, wave refraction due to 

atmospheric effects was discounted. The first objective of the analysis was to study the percentage of 

variance in noise reduction that was explained by the position of the source. The hypothesis was that 

source position correlates with noise reduction. The second aim of the analysis was to study if 

building shape and height would result in different model fits. The variance in model fits per location 

contributes to the hypothesis that shape and form influence sound reduction around buildings. Both 

hypotheses were tested by a series of linear and polynomial regression analyses. Due to the resolution 
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of the ADSB data, i.e. the data contains the position of the aircraft per 3 seconds, a second Fourier 

transform was applied to the sound signal for each flight and microphone with a Hann window of 3 

seconds. Separate analyses were carried out for straight and curved flight paths, direction 3 for 

location B and direction 1 for location C respectively (see Figure 27).  

5.4. Results 

5.4.1. Time variance and spectrum 

5.4.1.1. Spectrum 

 

Figure 33 Spectrograms and OASPL for location A (B738 aircraft, flight direction 3), B (B77-L aircraft, flight 

direction 2) and C (B738 aircraft, flight direction 1). 

Figure 33 shows three spectrograms and OASPL graphs for three representative pairs of dLOS-nLOS 

microphones, one for each flight direction and location. The spectrograms suggest that sound energy 

declines over the full domain between 0 and 1000Hz. However, the sound energy decays more 

markedly for frequencies above 250Hz compared to frequencies below this level. Tonal shifts 

(Doppler effects) are visible for microphone A-1 and B-5 but are almost unnoticeable in the 
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spectrograms for microphones A-2 and B-6, as Doppler predominantly distorts higher tones. The 

graph also illustrate the presence of propagation effects, such as 1) turbulent spectral broadening, and 

2) effects of turbulence and wind-gusts38,49. The first refers to tonal sound energy distributed to 

surrounding frequencies during propagation. This is visible as the horizontal bands or brushes in the 

spectrograms of the dLOS microphones (A-1, B-5, C-1). The second are local and sudden variations 

of the sound energy, attributed to turbulence and wind-gusts, which are visible as vertical lines in the 

spectrograms. Since higher pitches are more sensitive to both atmospheric effects and noise reduction 

by buildings, what remains is a low frequency rumble at the nLOS positions (see the blue lines in the 

OASPL figures).  
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5.4.1.2. Time variance (straight aircraft flyovers) 

 

Figure 34 LA50 for straight flight paths (following direction 2 in Figure 27Figure ) from the aggregated data for each 

location. Results for 60s window around the LAmax are given, plotted per 1s. 
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Figure 35 Mean geo coordinates and altitudes for straight and curved flight path combined. The figures correspond 

to the LA50 levels in Figure 34 and Figure 36. Results for 60s window around the LAmax are given, results are plotted 

per 3 seconds. 

Figure 34 shows the mean sound pressure level per second of the aggregated data for all microphones 

ascending in a straight line from the runway. The graphs show results for a time window of 60 

seconds around the LAmax positions. Results for the OASPL and the 63Hz, 125Hz and 250Hz 1/3-

octave bands are given in both figures. In Figure 34, the difference between dLOS and nLOS 

microphones is clearly visible in the OASPL graphs. However, in the graphs per 1/3-OB, this 

difference is only noticeable for all three frequencies at location A. The LA50 graphs for the 500Hz 1/3-

OB and OASPL follow a similar trend due to the A-weighting. Like the spectrograms, Figure 33 

confirms that, except for location A, buildings mainly reduce sound energy for higher frequencies. 

However, caution should be observed in respect to the interpretation of the results, as for location B 

and C the sound level of the aircraft flyovers is close to the ambient sound level (see Figure 30). 

Although the peak levels are clearly higher than the ambient sound level for all 1/3-OBs that were 

analysed, the background noise might (partly) mask the sound signal of the aircraft flyovers. 

Essentially, this means that the duration of the flyover that can be measured is shorter for location B 

and C than for location A, which affects the LAeq graphs for location C. Figure 33 also shows a clear 

contrast between the results for the nLOS microphone A-5 and microphones A-2 and A-3. The sound 

level at microphone A-3 rises in a similar way as microphones A-1 and A-4 during the first 20 

seconds, but drops between 20 and 30 seconds, before continuing at the same level as the other nLOS 

microphones after 30 seconds. This is likely caused by the shape of the building that stands in 

between microphone A-4 and A-5. Figure 27 and Figure 28 show the L-shape of the building and the 

different heights for the facade facing towards microphone A-4 and the facades near microphone A-5, 

which is much lower. This means that the microphone is further from the tallest facade than the other 

nLOS microphones. However, when the aircraft fly away from the location, microphone A-5 is 
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shielded by the taller facade closest to the microphone. Figure 34-b shows a similar effect of the built-

up context around microphone B-3. While the graph follows the trend of the other dLOS microphones 

B-1 and B-5, the sound decays faster at microphone B-3 during the last stage of the aircraft flyovers. 

Because the sides of the building provide shielding, the sound reaching the microphone is diffracted 

and scattered by the flanks of the building. Consequently, the sound recorded by microphone B-3 

faded away faster than for microphones near facades without bays. This means that the duration of the 

sound event is shorter.  

5.4.1.3. Time variance (turning aircraft flyovers) 

 

Figure 36 LA50 for turning flight paths (following direction 2 in Figure 27) from the aggregated data for each location. 

Results for 60 seconds window around the LAmax are given, plotted per 1 second. 

Figure 36 shows a different pattern for turning aircraft above location B and C. For location B, there 

is minimal difference in the variance in the sound level for aircraft flying a straight flight path or 

turning to the east. Figure 36-b indicates that this is not the case for location C. Based on the geo-

coordinates shown Figure 35, the difference between locations B and C is attributed to a difference in 

curvature profiles of flights following direction 1, versus aircraft turning to direction 3. While the 
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mean flight path in direction 1 turns gradually, aircraft flying in direction 3 keep to a straight path for 

much longer, before making a sharp bend to the east. This means that the aircraft rotate their engines 

away from location B, thereby reducing the sound energy emitted towards the location. When aircraft 

turn towards direction 1, the curve is smoother and less abrupt, and the aircraft will only slightly turn 

their wings and engines. In other words, the aircraft will radiate the sound in a direction comparable to 

that of a straight flight path. However, the figure shows that the side of a building with a dLOS and 

nLOS reverse once the aircraft flies by. As for straight flight paths, Figure 36 shows that buildings 

reduce aircraft noise more effectively for frequencies above 500Hz.   

5.4.2. Maximum noise levels around buildings 

 

Figure 37 Tukey boxplots showing the distribution of LAmax levels per microphone (FFT resolution: 1 second). The 

whiskers range maximum is 1.5 times the interquartile distance from the maximum and minimum values of the box. 

Values not fitting within the 1.5 times interquartile range are marked as outliers. 

Figure 37 shows the distribution of the maximum sound levels (LAmax) per microphone for the OASPL 

and for the 63Hz, 125Hz and 500Hz 1/3-octave bands. Figure 37-a shows that the mean LAmax levels of 
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microphones A-1, A-4, B-1, B-3 and B-5 all exceeded 65 dB(A) (all dLOS positions). The figure also 

shows that none of the mean LAmax values for any of the nLOS microphones was above 65 dB(A), 

except for microphone A-5. For a straight flight path, most of the mean LAmax levels for nLOS 

positions were below 60 dB(A), especially for location C.  

5.4.3. Average noise reduction by buildings 

 

Figure 38 Tukey boxplots showing the distribution of æLAeq levels per microphone (FFT resolution: 1 second). The 

whiskers range maximum is 1.5 times the interquartile distance from the maximum and minimum values of the box. 

Values not fitting within the 1.5 times interquartile range are marked as outliers. 

Figure 38 shows the distribution of the average noise reduction (ȹLAeq) around the buildings concerned. The 

figure shows that the mean noise reduction during an aircraft flyover varied between 2 dB(A) (location 

C) and 12dB(A) (location A). The buildings furthest from the flight path, i.e. location C, reduced 

noise least effectively. The mean noise reduction during a flyover only exceeded 10dB for the 

building surrounded by the A-1, A-2 and A-3 microphones. Figure 38b-d illustrates that buildings 

reduce aircraft noise for all the 1/3-octave bands concerned. However, the difference in noise 
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reduction for exposed versus non-exposed building sides grows larger as the frequency increases. For 

location A, the results show a clear difference between the two buildings at this location. Compared to 

the microphone pairs A1-A2 and A1-A3, the noise reduction by the building in between pair A4-A5 is 

lower, especially for 1/3-octave bands >125Hz. In addition, Figure 38b shows that, for 63Hz, the 

noise reduction between the microphones B3-B4 is less than for the other buildings at location B. 

Comparing the sound levels as recorded by the microphones B1,B3 and B5, the levels are lower for 

microphone B3 than the other two. This results in different degrees of noise reduction as measured 

around the three buildings at location B (see Figure 37-b), although this effect is mainly visible for the 

63Hz 1/3-OB. This difference can be attributed to the directivity profile of aircraft noise, as the lower 

frequencies are emitted behind the engines. Based on the directivity vector of aircraft noise, this 

results in conically shaped profile. This means that the waves containing the lower frequencies 

reaches microphone B3 from aside, with the flanks of the building shielding the microphone from 

direct exposure. This negates the differences between microphones B3 and B4, at least for the 63Hz 

1/3-OB. Another observation is the relatively large distribution of data for the pair of microphones C-

4- C-5 in Figure 38-b. Likely, the data in this figure is contaminated by flyovers turning to the west, 

especially when a preceding aircraft is relatively loud or close. As lower frequencies are less sensitive 

to atmospheric absorption, and distributed in a conical shape behind the aircraft, the rumble of the 

engines follows last. However, as the flight peaks were isolated and cut from the data-set based on the 

A-weighted sound pressure level, this ótailô is not clearly visible in the graphs.  

In general, Figure 38 shows that the noise reduction yielded by buildings is larger for location A than 

B, and especially C. Meakawaôs35 barrier model gives a theoretical basis to explain this difference 

through the Fresnel number ὔ, which is described by the following equation: 

ὔ  
ς‏

‗
 

(5.4) 

With the path length between a source and receiver via a barrier ‏ and the wave length ‗. The Fresnel 

number gets smaller for greater path lengths, or smaller wave lengths, which results in a smaller noise 

reduction around the barrier. The propagation path between the aircraft and the buildings is greater for 

location C than for location A and B, hence the buildings provide less shielding. The equation also 

explains the differences between Figure 38b-d.    
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5.4.4. Relationship between source position and noise reduction 

5.4.4.1. Straight aircraft flyovers 

Table 4 Results of the first order polynomial regression analysis with the dependent factor ónoise reductionô (ȹLAeq) 

and the independent factor óslant angleô (Ǔ), both indicated as the factors b1 and b2. Results are given per pair of 

microphones (see Figure 28) and for aircraft flyovers in direction 2 (see Figure 27). 

Model fit Pairs of microphones 

A 1-2 A 1-3 A 4-5 B 1-2 B 3-4  B 5-6 C 1-2 C 4-3 C 4-5 

Constant -6.508 -6.316 3.723 1.792 -5.679 -7.176 7.994 4.756 7.025 

b1 1.685 1.619 .685 .183 .682 .749 -1.302 -1.127 -1.285 

b2 -.039 -.038 -.023 .002 -.007 -.010 .063 .058 .085 

df 2,1059 2,1059 2,1059 2,387 2,387 2,387 2,668 2,668 2,668 

F 158.614 171.009 16.333 77.425 80.035 49.915 19.885 22.035 24.399 

R2 .231 .244 .030 .289 .293 .205 .056 .062 .068 

p <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001 

 

 

Figure 39 Scatter plots and regression lines for six cases representative of the variance between buildings in terms of 

the aircraft noise reduction as shown in Table 4. Two buildings are plotted per location. 

The relationship between the source position and noise reduction was studied by means of regression 

analysis. Literature shows that buildings directly underneath flight paths barely abate aircraft noise. 

However, the results in the previous sections show that the noise reduction yielded by buildings 

decays with the (horizontal) distance from the flight path. This suggests that the level of reduction, as 
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induced by buildings, varies in a curvilinear way with a maximum positioned in between two zeros 

(i.e. no difference between exposed and non-exposed building sides). Hence, the results of a first-

order polynomial regression were calculated and analysed.  

A first analysis of scatter plots of the data suggested a non-linear relationship between noise reduction 

around buildings and the slant angle. This is also plausible from a theoretical perspective, as literature 

shows that building geometry has little effect on aircraft noise abatement when the horizontal distance 

to flight paths is small. Hence, this suggests that there is an optimum angle for noise reduction. 

Angles that are too large or too small will reduce the noise-attenuating effect of buildings.  

Table 4 shows the results for the first order polynomial regression analyses per pair of microphones. 

The independent variable óslant angleô is represented by the factors b1 and b2, inherent to the 

mathematical description of a polynomial regression model. Second and higher order polynomial 

regression models were also significant for most buildings. However, since trend lines were much 

harder to interpret or were incompatible with theory, and results were often close to those for the 

linear or quadratic models, only results for the first order regression models were analysed. Table 4 

shows that for all the locations, there was a significant non-linear (quadratic) relationship between the 

noise reduction and slant angle. However, the predictive power of the slant angle (as a variable) varies 

between buildings and is lower for location C than for location A and B. The table shows that 

microphones placed around buildings with a similar shape, such as microphones A1-A2 and A1-A3 or 

B3-B4 and B5-B6, yielded comparable results. This indicates that building shape and surface 

impedance are important for the noise level around a building. The difference between the buildings 

at location A and the buildings in between microphones B3-B4 and B5-B6 would confirm this 

observation. Variations between the buildings were studied by means of scatter plots in Figure 39. 

Figure 39a and Figure 39d also clearly show the difference between the two buildings at location A. 

The contrast between them is attributed to the variation in building heights around microphone A5. As 

the slant angle is the product of the flight altitude and the horizontal distance between source and 

receiver, a large angle could mean that an aircraft climbs at a moderate rate but is still horizontally 

close to location A. On the other hand, it could also mean that both the altitudinal and horizontal 

distances between an aircraft and location A are large. Both situations result in the same slant angle, 

but sound will reach microphone A5 via either the lower or the higher part of the building, which is 

manifested in the noise reduction measured. For location B, Figure 39 shows that the building in-

between microphones B3 and B4 abates aircraft noise more effectively in comparison to the building 

separating microphones B1 and B2. This can be attributed to the u-shape of the first building and to 

the impedance of the pasture that surrounds microphone B4. Figure 39 shows that the optimum angle 

that results in maximum noise reduction varies between different locations and buildings. For location 

A, the optimum angle is between 20° and 30°, while Figure 39e suggests that this value is >40° for 

location B.  
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5.4.4.2. Turning aircraft flyovers 

Table 5 Results of the curvilinear regression analysis with the dependent factor ónoise reductionô (ȹLAeq) and the 

independent factor óslant angleô (°). Results are given per pair of microphones (see Figure 28) and for aircraft 

flyovers turning towards direction 1 near location C, and direction 3 above location B (see Figure 27Figure ). 

Model fit Pairs of microphones 

B 1-2 B 3-4  B 5-6 C 1-2 C 4-3 C 4-5 

Constant -1.181 -8.847 -.333 -13.836 -17.968 10.816 

b1 .560 .904 .179 1.369 1.741 -1.030 

b2 -.009 -.013 .000 -.026 -.038 .018 

df 2,563 2,563 2,563 2,465 2,465 2,465 

F 28.457 58.227 20.971 34.356 15.128 19.190 

R2 .092 .171 .069 .129 .061 .076 

p <.001 <.001 <.001 <.001 <.001 <.001 

 

 

Figure 40 Scatter plots and regression lines for six cases representative of the variance between buildings in terms of 

the aircraft noise reduction as shown in Table 5. Two buildings are plotted per location. 

Table 5 and Figure 40 show the results of curvilinear regression analyses for aircraft turning. For 

location B, the graphs look like those of a straight flight trajectory, although there are more negative 

values visible in figures a-c. When aircraft turn near location B, the dLOS and nLOS microphones 

will inverse, which was noticeable for microphones B5 and B6. However, the inversion is clearer for 

location C than for location B, although the mean curvature of both turns looks comparable (see 

Figure 35). A likely explanation is that the aircraft climb higher as they turn. This means that the 
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sound levels will be lower, as they are only heard on the ground once the turn has been completed and 

the aircraft resume(s) a straight path.  

 

Figure 41 Ground positions over time of flights making a turn in direction 1 around location C (resolution 3 seconds). 

The results for location C show a wider spread of data. For larger angles, Figure 40d-f show that the 

difference between dLOS and nLOS positions can be either negative or positive. While most of the 

results indicate positive noise reduction for the buildings surrounded by the microphones C1-C2 and 

C3-C4, for a small number of flights these results are almost identically negative. This can be 

explained by Figure 41, which shows that a few flights complete the turn and then inverse dLOS and 

nLOS positions equally. Figure 41 also explains why most results are negative in Figure 40f, as 

aircraft will be loudest once closest to the microphones, which is when an aircraft is (at least) halfway 

through the turn.   

To conclude, Table 4, Table 5, Figure 39 and Figure 40 all show that the majority of the variance in 

noise reduction cannot be explained by the position of the aircraft alone. Other factors are likely 

responsible for a large share of the variance, such as wind and temperature variations in the 

atmosphere, around the source and near the buildings. 

5.5. Discussion and conclusions3F

4 

In this chapter, the results of a series of in-situ measurements studying the reduction of aircraft noise 

by buildings were presented. The research objectives were: 

1. To examine if sound pressure levels vary around buildings exposed to aircraft noise, and to 

what extent this yields a óquietô building side. 

2. To examine if the position of the sound source and the slant angle predict the difference in 

sound pressure levels around buildings exposed to aircraft noise. 

                                                      
4 The discussion and conclusions are combined in one section, as requested by Building and Environment. 
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Firstly, the results show that buildings reduce aircraft noise, i.e. there is a clear difference between 

facades which are either in or out of a flight pathôs direct line of sight (dLOS and nLOS respectively). 

However, the level of reduction depends on the horizontal and vertical distance from the source and 

the shape of (the) building(s) surrounding the receiver. The results show that the difference between 

dLOS and nLOS facades is greater when the source is closer to the receiver. The non-linear 

relationship between the position of the aircraft (slant angle) and noise reduction suggest that the 

noise reduction peaks when the slant angle is >20°, but decreases when the angle becomes too large. 

However, the optimal angle resulting in the largest noise reduction varied between buildings and 

locations, although data extrapolation suggests the maximum angle will be >45° for most locations. In 

addition, the results show that the noise reduction is greater for tall buildings, and that u-shaped 

buildings (e.g. with flanks or bays) shorten the duration of exposure.  

Secondly, when comparing the studyôs results with the definitions for quiet facades, the mean noise 

reduction was well above >10dB(A) for one building (location A). However, this does not necessarily 

mean that a difference above 10dB(A) will lead to lower annoyance ratings for aircraft noise, as 

results cannot always be carried across from one noise source to another. Spectrograms and results per 

1/3 octave band show that buildings mainly abate sound energy for frequencies above 200Hz. 

However, the results suggest that taller buildings and buildings closer to the flight paths reduce sound 

energy for low frequencies effectively too. Maximum noise exposure levels were above 45dB(A) for 

all microphones, not least because the ambient noise levels alone were above 45dB(A). Except for one 

microphone, the mean peak exposure levels (LAmax) recorded at nLOS positions were well below 

65dB(A) and below 60dB(A) in three cases. Based on the results, it can be concluded that buildings 

can reduce both the peak exposure levels and the duration of exposure.  

Finally, the study found a non-linear relationship between the source position and the noise reduction 

measured around buildings. This means that the position of the aircraft, seen as a straight line between 

a building and the source, partially explains the variation in noise reduction by a building. For aircraft 

ascending in a straight line from the runway, the results show that the quadratic regression model 

explains between roughly 20% and 30% of the variance in noise reduction for location A and B. 

However, for location C, which had a larger horizontal distance from the flight track, the predictive 

power was lower (<10%). The model fit is influenced by a buildingôs form and height, which can 

result in different levels of noise reduction for the same slant angle. The best example of this is the 

building in between the microphones A4 and A5. The results for turning aircraft show a weaker 

relationship between source position and noise reduction, partly because the exposed and non-exposed 

position can inverse during or after the aircraft turn. Further research is needed to identify what 

impact factors like wind and temperature have on the angle from which sound hits a building on the 

ground. Studying such effects would require permanent and long-term noise data around buildings, 

combined with meteorological and ADSB data (see e.g. 50). To conclude, the results gained from this 
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research can be used to aid urban planning near airports and form a basis for more extensive follow-

up research.  
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6. A method for the numerical prediction of aircraft noise dispersion 

around buildings for an inhomogeneous atmosphere4F

5 
 

6.1. Abstract 

For aircraft noise, existing numerical prediction models are not equipped with algorithms to study the 

propagation of sound around buildings. Methods such as INM and doc.29, as well as high-fidelity 

aircraft auralization models, include ground reflections, but neglect wall reflections and edge 

diffraction. Conversely, it is unclear how fit for purpose urban acoustic models are to simulate aircraft 

noise, especially when the distance between the aircraft and the receiver is substantial. In this paper, 

an intermediate between an aircraft auralization and urban acoustic model is introduced and tested. 

The study used an urban acoustic model with a less detailed mode of simulating refraction than the 

high-fidelity auralization models. However, comparison of both methods showed that the results 

agreed well with each other. In a second experiment, the method was compared with aggregated 

measurements for three urban sites located near a runway. Different speed of sound gradients 

representing a refracting atmosphere were compared. The results show that simulations are both 

closer to the measurements for linear gradients between >0.004s-1 and <0.0010s-1 and also limit the 

risk that the sound reduction is overestimated. To simulate aircraft noise around buildings, both 

experiments showed that refraction is important when the angle of incidence is >15 degrees between 

the source and the receiver, but it can be neglected for smaller values.  

6.2. Introduction 

Around airports, large areas are exposed to aircraft noise, which has a negative impact on the quality 

of life and health in these areas. To limit the exposure to adverse sound levels, aircraft noise 

prediction models are used to calculate the noise levels in areas near flight paths1,2. The calculations 

are turned into noise maps, which are used to impose building restrictions in areas where noise levels 

are deemed too high. Aircraft noise predicting models, such as INM, AEDT3 and doc.294, predict the 

average sound level per area based on heuristic data5. The average sound level is the summation of the 

noise footprint of individual flights. To balance between calculation speed and accuracy, the modelsô 

resolution, i.e. the distance between grid points, is relatively large4. Consequently, only ground 

reflections and terrain irregularities are included, while buildings and cities are omitted2,5.  

                                                      
5 The ambition is to submit this chapter as a journal article to Noise Mapping or Applied Acoustics once chapter 

5 has been published. 
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Figure 42 Contour lines around Amsterdam Airport Schiphol based on calculations. The area in colour is the village 

of Rijsenhout, exposed to noise from various flight paths6. 

Figure 42 shows the predicted noise levels near one of Amsterdam Airport Schipholôs runways, 

placed as a layer on top of the map. The image shows the rigidity of the contour lines, cutting through 

buildings and plots of land, and indifferent to local variations in the urban morphology. However, as 

the noise maps are used for building regulations, the contour lines have a great impact on architecture 

and urban planning. For example, Dutch noise legislation strictly limits building activities in the 

village in Figure 427.  

More recently, various studies pointed out the influence of buildings and urban form on the  

propagation of aircraft noise, although the effects vary between locations 8ï10. For areas which are 

directly or almost underneath flight paths, buildings barely reduce aircraft noise8,11,12. But, buildings at 

a greater horizontal distance from a flight track, e.g. the village in Figure 42, may offer a noise 

abating effect9,10. For instance, a study in Frankfurt found that during an aircraft flyover, sound levels 

were clearly higher or lower depending on the building side 10. A computational study showed that, on 

an urban mesoscale, the sound exposure levels between buildings vary between urban typologies 9. 

This means that the design of buildings and streets do in fact influence the sound exposure levels in 

areas exposed to aircraft noise. However, neither of the two studies scrutinized the contribution of 

individual building design variables, such as the building height, shape, surface cladding and/or urban 

density, to the attenuation of aircraft noise. For other traffic sources, such as cars or trains, it is 

common to use numerical models to study the noise reducing potential of individual or combined 

design variables. Numerical models are a relatively fast and cheap way to compare design variants 

under the same conditions. However, it is unclear whether similar numerical models are sufficiently 

fit for purpose to study the impact of (architectural) design variables in relation to aircraft noise. 
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Aircraft noise predicting models are either used for noise mapping or auralization2,13. For noise 

mapping, the average noise levels are based on the summation of noise exposure levels per flight1,5,14. 

Aircraft noise auralization models assume a flight path as a sequence of source positions15. For each 

position, the propagation path(s) between the source and the receiver is calculated and used to adjust 

or synthesize the sound signal15. During take-offs and landings, aircraft noise travels through the sky 

before it reaches the receiver. As the temperature decreases and the wind speed increases with the 

height, the sky is considered to be inhomogeneous. Volumetric mass differences between air layers 

lead to refraction of the sound waves. Hence, atmospheric effects will be more pronounced, and 

become important as the distance between the aircraft and the receiver increases. In order to include 

these effects in auralization models, Arntzen and Simons 2,15 developed a method to correct the 

propagation path for weather effects. They showed that refraction becomes important when the angle 

of incidence is greater than 15°15. Despite the fidelity of auralization models, the models only include 

ground reflections, while edge diffraction and reflections between walls are neglected 2.  

On the contrary, walls, reflections and edge diffraction are traditionally studied in urban acoustic 

models for road or rail traffic 16. Depending on the scale and objectives, a range of models are 

available, which vary in accuracy and calculation speed16,17. Although some models include aircraft 

noise simulation packages, the models only implement generic noise prediction methods like doc.29 

18,19. Hence, the available models do not provide standardized and/or validated modules to simulate 

aircraft noise around buildings. In the past, (heuristic) urban acoustic models have been used to 

simulate the propagation of sound emitted by low-flying aircraft around buildings 9,11. Hoa and Kang9 

simulated a low-flying aircraft as a cylindrically radiating line source and varied the horizontal 

distance between the flight path and an urban area. Ismail and Oldham11 simulated a low-flying 

aircraft as a static spherically radiating source while varying the position of the receiver in a street 

canyon. Both studies neglected the impact of atmospheric effects and only considered a maximum 

source height of 400ft (å123m). This raises the question of to what extent these methods can be used 

to simulate the propagation of aircraft noise around buildings for a greater distance between an 

aircraft and a receiver.  

This chapter evaluates the use of an urban acoustic model to predict the propagation of aircraft noise 

around buildings which are located at a substantial distance from a flight path. In this study, a 

substantial distance is defined as a horizontal distance >200m between a building and the mean 

ground positions of a flight path and a vertical flight altitude >400ft (å123m)9.  
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The study had the following three objectives: 

1. To develop and test an intermediate approach between a high-fidelity aircraft auralization and 

an urban acoustic numerical model.  

2. To define the significance and influence of atmospheric refraction for the prediction of 

aircraft noise dispersion around buildings. 

3. To analyse the difference between a simplified method to calculate atmospheric refraction in 

an urban acoustic model and in-situ measurements. 

The chapter starts with a detailed introduction of the intermediate numerical approach and research 

methodology. The second part of the paper presents the results of two experiments carried out to test 

and benchmark the simulation approach, and to define the significance and influence of refraction. 

The two experiments are compared with literature in the discussion section. The paper closes with the 

findings and conclusions.   

6.3. Methodology 

6.3.1. Simulating aircraft noise 

Traditionally, low-flying aircraft flyovers were simulated as a spherically radiating line9 or a (single) 

point source11 in studies analysing the propagation of aircraft noise around buildings. The studies 

neglected atmospheric refraction. Aircraft auralization models simulate an aircraft flyover as a 

sequence of source positions2,20. Aircraft auralization models allow the receiver to move around, while 

the propagation path is recalculated for each individual position2,20. In contrast to urban acoustic 

models, in aircraft auralization models, it is possible to calculate the impact of meteorological factors 

on the propagation path with a higher level of precision. Arntzen and Simons developed a framework 

to adjust the propagation path to weather conditions, using a ray-tracing algorithm and only 

considering direct paths and ground reflections2,15. Arntzen and Simonsôs method embeds a novel 

approach to calculate the effects of atmospheric refraction 15. As the air comprises various 

inhomogeneous layers with different wind and temperature variables2,21,22, their model adjusts the 

propagation path based on the refraction level per layer2. The combination of the sound power level, 

the source directivity and the propagation path determine the sound level experienced by the receiver. 

Although ground reflections are calculated in the model by Arntzen and Simons, a comparison 

between their model and measurements showed that the model overestimates the effects of wave 

interference15. Heuristic urban acoustic models use a comparable, yet simplified, approach to simulate 

atmospheric refraction. Models such as Harmonoise and Nord2000 change either the curvature of the 

propagation paths or the ground surface to calculate refraction23,24. In both cases, the curvature is 

based on a logarithmic increase of the wind speed, a linear increase of the temperature by height, and 

the roughness of the ground24,25. However, as the models only attribute one linear speed of sound 

gradient for the entire atmosphere, the models compute a (single) linear approximation of the 
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logarithmic pattern 23,24. Alternatively, a standardized linear speed of sound gradient can be attributed 

to the atmosphere, based on weather classifications21.   

6.3.2. Testing a hybrid method 

This study evaluates an intermediate simulation approach between the aircraft auralization framework 

by Arntzen and Simons15, and the methods used to simulate aircraft noise around buildings by Ismail 

and Oldham11 and Hao and Kang9. As in these previous studies, an urban acoustic model based on 

ray-tracing and image source algorithms was used. The urban acoustic model in this study also applies 

the same ground impedance method as was used in the auralization study. Instead of simulating an 

aircraft flyover as a line or single point source, the method in this study assumed an aircraft flyover as 

a sequence of positions, like the aircraft auralization model. However, as refraction is calculated in a 

relatively simplified way, i.e. a linear gradient for the whole atmosphere, compared to e.g. aircraft 

auralization models, the hybrid method in this study is evaluated by means of two experiments. The 

first experiment was modelled after the auralization study by Arntzen and Simons15. In the study by 

Arntzen en Simons, comparisons were drawn between the influence of a homogenous and a non-

homogenous atmosphere on the sound level at the receiverôs location. As urban acoustic models use a 

simplified approach to correct for atmospheric effects, the first objective was to identify the 

differences between both models. Thus, the intermediate approach, as presented in this study, was 

compared to Arntzen and Simonsô results. Secondly, as Arntzen and Simonôs model excludes spatial 

geometries, the influence of atmospheric refraction on aircraft noise in scenarios containing vertical 

walls was analysed. A secondary objective of this study was to define a sensible upper limit for the 

maximum diffraction rate around buildings. Although a higher diffraction rate increases the accuracy, 

it also makes the model significantly slower. To test the applicability of the method for real cases, i.e. 

for buildings at a substantial distance from a flight path, a second experiment compared the numerical 

sound levels around buildings with in-situ measurements. Hence, the study used the same locations 

and data as in chapter 5. Measurements carried out at three locations near Amsterdam Airport 

Schiphol (AAS from now on) were used as benchmark cases. The study only considered the results of 

take-offs from one runway, all of which were ascending in a straight direction. In the second 

experiment, the sound levels around buildings were calculated for different refraction gradients, and 

then they were compared to the measurements and each other.  

6.3.3. Refraction and edge diffraction around barriers 

For the first experiment, flight paths were simulated as a sequence of static spherically radiating 

monopoles with a wideband spectrum over a straight length of 12000 meters (from ὼ=6000m to ὼ = -

6000m), positioned at intervals of 200 meters, and 500ft (152m) above the ground surface. The source 

power level was set at 150dB for all 1/3-octave-bands between 50Hz and 10000Hz. The source power 

was based on literature2, but had no direct impact on the results, as the study only focused on the 
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insertion loss per frequency. The insertion loss only considers the effect of the propagation path 

between the source and the receiver. Hence, the insertion loss is independent from the sound power 

level. The position of the receiver was 1.7m above the ground, halfway the flight track (ὼ = 0m), at a 

lateral distance of 50m from the ground track of the aircraft flyover.  

 

Figure 43 Top view and section of the model set-up for experiment 1; s(n) and r are positioned at ● = 0m 

The reference study showed that path curvature only had an effect when the angle at which the 

eigenray reaches the receiver is sufficiently small (i.e. <15 degrees). In ray-tracing, a large number of 

rays is launched to explore the possible paths between the source and the receiver. The eigenray is the 

(direct) path that reaches the receiver and is often the only (direct) path processed. To verify this 

conclusion for a situation including vertical obstacles, three identical walls forming an equilateral 

triangle (3m high and 15m wide) were placed around the position of the receiver in the simulation 

(see Figure 43). The wallsô material was set as óhard surfacesô, while the properties of the ground 

surface were comparable to those in the reference study15 (i.e. ódirt roadô in Table 6). 

Table 6 Effective flow resistivity of (ground) surface materials in this study. 

Material Effective flow resistivity (kPa/m2Ās) 

Water 30.000 

Hard surfaces 20.000 

Dirt, road side 800 

Pasture 205 

Grass / pasture 205 

Earth / soil, sparse grass 100 

Forest floor 40 

 

As the urban acoustic model differs from the initial auralization model, the method as tested in this 

study had a few limitations. Firstly, the study focuses on time instances instead of a moving source 

and receiver. In the initial experiment, the source moved at a speed of 100m/s while the receiver 

moved perpendicular to the flight path at a speed of 1.4m/s. Therefore, the location of the receiver 

was moved stepwise 2.7m away from the flight path for each source position. However, to compare 
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the effects of atmospheric refraction when walls are placed around the receiver, the position of the 

receiver and walls was kept constant (i.e. 50m away from the flight path). Secondly, for the synthesis 

of the sound signal, Doppler corrections were applied to the tones, which are dependent on the 

position and speed of the source. To avoid a similar Doppler correction in this study, it only considers 

the insertion loss per frequency. The insertion loss reported in the references study was also compared 

with the results in this study. Results were analysed per 1/3-octave band for frequencies between 

63Hz and 1000Hz; these analyses are introduced in more detail in section 6.3.7. 

6.3.4. Simulations compared to measurements 

In the second experiment, the results of the numerical calculations were compared with in-situ 

measurements. Hence, the three buildings at the case locations (A, B and C, as introduced in the 

previous chapter) were used. The buildings and microphones considered in the experiment were A1-

A2, B3-B4 and C4-C5, see Figure 27 in chapter 5. Only the results for straight flight paths with a time 

domain of 60s around the aggregated LAmax values, were used for this study (see chapter 5). The 

experiment was structured in a similar way to the first experiment, i.e. the study focused on the effects 

a refracting and a non-refracting atmosphere had on the results. Therefore, three calculation 

approaches were compared: 

1. No curvature, which was used in previous studies9,11,12. 

2. Path curvature with a (single) linear speed of sound gradients varying between 0.002s-1 and 

0.010s-1 with and interval of 0.002s-1. 

3. Path curvature based on the Nord2000 lin-log approximation method, with the meteorological 

input data described in Table 2 in chapter 5. 

As in chapter 5, the relative attenuation around buildings ȹLeq was considered, which eliminates the 

role of individual differences between aircraft flyovers caused by things like aircraft and/or engine 

type and thrust. Moreover, this also smooths over any variations between aircraft flyovers that are 

induced by local atmospheric fluctuations, which can result in e.g. spectral broadening and wind 

eddies15,21. Results for each of the curvature gradients were compared to each other and benchmarked 

against the results of the aggregated measurements. 

Aircraft flyovers were modelled as static monopoles at the mean aircraft positions from the 

aggregated data on a time interval of 3s (see Figure 29 in chapter 5). The same source power settings 

as those for the first experiment were used. The source positions were located with the built-in Geo-

location tool in SketchUp201726.  

6.3.5. Simulation model 

In this study, a commercial model (OTL suite) based on a ray-tracing and image source algorithm was 

used. Engineering models usually implement ISO-961327, which sets the standards to calculate the 



108 

 

propagation of sound in outdoor environments. In contrast, OTL combines a ray-tracing basis with 

solving Helmholtz wave equations to calculate the sound propagation. Therefore, the package could 

be seen as an intermediate between traditional engineering and (full) wave-based acoustic models28. 

The model has a higher level of fidelity than ISO-9613, but keeps the calculation time reasonable28,29. 

The model considers the propagation paths in a three-dimensional space, which makes the model 

interesting for aircraft noise, which is more difficult to approach as a two-dimensional problem, as the 

position of the source changes in all three directions (x,y,z).   

The model implements a range of calculation methods, based on publications and previous research. 

The basis, formed by a ray-tracing engine30 and image-source relevant path detection31, is combined 

with diffraction32,33 and reflection34 coefficients for spherical waves. Surface properties are based on 

material impedance35, while the model applies empirical standards for atmospheric attenuation36 and 

turbulence23,25,37. Atmospheric refraction, simulated as ray curvature, is based on the Nord2000 

method. The sound speed gradient can be set either as linear or as a linear approximation of a 

logarithmic profile, with the temperature, roughness constant, wind velocity and wind direction as the 

input parameters38. The model uses the following equation to calculate the sound pressure level at the 

position of the receiver (28,29,39): 

ὴ  ὴ
Ὡ

Ὑ
ὧ 

(6.1) 

 

In this equation ή refers to the number of sound sources, ὲ refers to number of sound paths arriving at 

the receiver, ὴ stands for the power level of the source(s),   describes atmospheric attenuating 

due to spherical radiation, and Б ὧ represents the coefficients describing diffraction, refraction 

and turbulence of the transmission path between the source and the receiver.  

6.3.6. Model settings 

To reconstruct the locations in the models, buildings shapes and heights were based on data in the 

AHN40 and TOP10NL. These databases contain open source GIS data with height and geometrical 

information on spatial objects in the Netherlands in DWG format41. SketchUp 2017 was used to 

simulate the case study sites, and shapes were exported to the acoustic model in DXF format. The 

basic shape of buildings and landscape elements, such as terrain elevations or cars, were included in 

the model. However, as recommended in the literature16, small or permeable structures, such as trees 

and street furniture, were omitted to limit computational overhead. For the same reason, building 

ornaments and windows were omitted, and facades were made of generic óhard materialsô (see Table 

6). For the ground surfaces, the materials were based on site observations and aerial pictures. In some 

cases, assumptions were made about the impedance of the surfaces, although these were not validated 
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by in-situ tests. Table 6 shows the values for the effective flow resistivity of the materials used in the 

study, based on literature (see 35,42). Building surfaces, asphalt and concrete ground surfaces were 

simulated as if made of óhardô materials. For location B, additional ground patches, classed as 

ópastureô and óearthô, were added on top of the overall ground surface. For location C, patches of 

óforest floorô, ówaterô and ógrassô were added to the configuration. For the ground surface between the 

ground positions of both the flight track and 50m before the first buildings at a location, the material 

óagricultural landô was used (see Table 6).   

6.3.7. Analyses 

6.3.7.1. Refraction and edge diffraction around barriers 

 

Figure 44 Weather data as used in the simulation, adapted from the reference study15. 

Table 7 Scenarios as simulated, refraction is calculated based on the Nord2000 log-lin approximation with input data 

from Figure 44. 

Scenario Walls Refraction  Max. diffraction order 

1 No No 1 

2 No Yes 1 

3 Yes No 1 

4 Yes No 2 

5 Yes No 3 

6 Yes Yes 2 

 

The first experiment focused on the maximum diffraction order and refraction. To determine the 

maximum diffraction order, the diffraction order per path was increased stepwise, by integers only. 

For each step, the results were compared to the data of the previous stage. The upper limit was set as 

the integer minus one for the value that did not induce a significant change compared to the previous 

integer. As the data is not normally distributed, a non-parametric Kruskal-Wallis test with Bonferroni 

post hoc corrections was used to compare the results between the steps.  
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To simulate a refracting atmosphere, ground weather data (as used in the reference study and shown 

in Figure 44) was used to calculate the Nord2000 log-lin approximation. The reference study 

calculated the total path curvature as the summation of refraction per air layer, whereas the Nord2000 

log-lin approximation assigns one (linear) gradient for the atmosphere. The function assumes that the 

wind speed and temperature increase logarithmically. In the first experiment, six scenarios were 

considered (see Table 7 for the characteristics of the scenarios). Results were studied by means of the 

insertion loss (IL) and Leq, and then plotted per position, for 1/3-OBs between 63Hz and 1000Hz. The 

Leq was calculated based on the following equation: 

ὒ ρπὰέὫ
ρ

ὲ
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(6.2) 

 

The time length ὲ refers to the time, in this case the total number of positions, and ὒ ὸ to the sound 

level (in dB) per position.  

6.3.7.2. Simulations compared to measurements 

In the second part of the experiment, three approaches to calculate aircraft noise around buildings 

were compared with each other. Additionally, the calculations were benchmarked against the 

aggregated results of in-situ measurements for take-offs near a runway. Here, the mean sound 

pressure levels and flight positions were calculated based on the data in chapter 5. The time interval 

between positions and sound pressure levels was kept at 3s, due to the resolution of the ADSB data. 

The aggregated mean sound pressure level per position was based on the following equation: 
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(6.3) 

 

In which ὒ  refers to the sound level in dB at a position t given in seconds. The ὴ refers to the 

sound pressure level in Pa for a position t, and ὴ refers to the reference sound pressure (2Ā10-5Pa). In 

this study, the results for the mean aggregated paths, i.e. one per location, were used for analysis in 

terms of the Lmax and Leq. To make both factors independent of source variations, such as the aircraft 

type and engine class, the relative difference between two points around a single building was 

calculated. In other words, the relative difference between the sound levels was measured near a 

building side facing towards a flight paths (dLOS side), and the opposite facade facing away from the 

fli ght path (nLOS side) (for more details, see chapter 5). Three metrics were analysed: the ȹLmax, ȹLeq 

and the time variance of ȹLeq. Here, the ȹLmax is the maximum sound attenuation around a building 

during an aircraft flyover. The ȹLeq is the average sound attenuation between two facades during an 

aircraft flyover. Congruence between the calculated and measured ȹLmax values may hide a skewed 
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distribution of energy, resulting in deviating values between measured and calculated ȹLeq. Therefore, 

the ȹLeq and time variance of ȹLeq were used to analyse both the calculated and measured values for 

the sound level and the time lapse. Results were analysed per 1/3-octave band for frequencies between 

63Hz and 1000Hz. Non-parametric Kurskal-Wallis and Bonferroni post-hoc tests were used to 

compare the calculation methods.  

6.4. Results 

6.4.1. Refraction and edge diffraction around barriers 

6.4.1.1. Without walls 

 

Figure 45 Results for two scenarios (refraction / no refraction) when there are no walls around the receiver. Results 

from the Mann-Whitney-U test are given below each figure (results are given in 1/3-octave bands, centre 

frequencies). 

Table 8 Leq per scenario and per 1/3-octave band in dB (centre frequencies). 

Frequency Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6 

63Hz 67.5 64.3 81.3 71.6 71.4 74.9 

125Hz 70.8 64.4 84.0 73.4 73.5 80.4 

250Hz 75.8 64.7 95.8 84.4 83.4 87.4 

500Hz 83.2 65.1 109.5 96.4 95.6 92.0 

1000Hz 94.0 65.6 122.2 108.5 108.2 104.1 

 

 










































































































































































