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Abstract

Title: Tranquillity by designArchitectural 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 stedated complaints, leading to adverse health effects.

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

problem. Literature suggests that the level of aircraft noise annoyance people experience is equally
dependent on the | evel of disturbance induced by
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 ipthr 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 trafise. Without changing the sound

exposure |levels, the sight and proximity of wvege
soundscape quality and reduces the level of noise annoyance. Like landscapes, the perception of the

acoustic environmengr 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 resedotusedon this question, from both an acoustic

and sundscapgerception perspective, and comprised four separate studies. The first study presents
the results of a systematicéitu measurement study, in which the sound attenuating effects of
buildings exposed to aircraft noise were assessed. In thedselapter, 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 effecof 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 virtuateality. Together, the four studies provide tools tzat 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 this thesis.
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Preface

As a frequent traveller between Amsterdam and Cambridge, each time | trameirgort | am

amazedy thecoming and goin@f the airplanesinevitably, the closeyou get to the airport, the

harder itis to escapérom the noise. By arrival at the airpotihe travelleiis met bya cacophonyof

sounds fronhorns, car enginegrains, humans and airplan@dthough the sound levels are

acceptabl e i nsnindleandgates, the ievels are far iess ertjogable outside the
airportés premises, especially when standing cl o
partly driven bythe rise of lowcost carriers, has dramatically increased the nunfifégiot
movementabove(European) cities. Unfortunately, flying conmegtsa price and erodes the quality of

living in areas c¢close to airports, not to mentio

Over the past three yeardidvefocusedon the question what can be done to reduce aircraft moise
such areasThis dissertation presents the findings of this journey and shows that architectural and
urban design camake strides forward in improvirtge quality of soundscapes exposed to aircraft
noise. Moreover, the results could help airports and goversnteamend and improve noise
abatement strategies. However, in apnion, the findings should not be simplified to a dull

argument to legitimizéne expansion of air traffic without further debate and scrutiny. Neither will the
results loseheir credibility and applicability if the number of air traffic movements would stabilize or
fall. In the first place, | hope that the research will be usegbod faith, with the intention to serve

the interests of those wliacethe negative side of air traffic day by day. Secondly, | hope that the

researchwill contribute tothe quality of life in airport regions

Finally, | declare that this dissertatiarmy 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 thesiss not substantially the same as any that | have submitted, or, is beingreatigur
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. | further
state that no substantial part of my disstgon 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 osimilar institution except as declared in the Preface and specifiedtexth@he

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

Cambridge, 7 December 2018
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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 dewecing 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 wktstle, 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 descendintihé 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
noiserelatedcomplaints 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 airportsasutteathrow, Frankfurt,

Paris, Zurich, Vienna, Sydney and so on.



Figure 1 Noise impact of air traffic around Heathrow airport measured as the total area with average noise levels
above 57dB(in red)*.



Figure 2 Average sound pressure level around Amsterdam Schiphol airport in 1990 and 200 red: levels above
53dB Lden)2.



1.2. Introduction

1.2.1. Air traffic and cities

800 20

167
600 7] ~~.

127

x1000

2007}

T T T T T T T T
1985 1990 1995 2000 2005 2010 1985 1990 1995 2000 2005 2010
year year

complaints

individuals who filed at least one complaint a year

—— flight movements

number of people exposed to severe noise levels (LAeq >58dB(A))

Figure 3 Complaints about aircraft noise around Amsterdam Airport SchiphoP-2,

Aircraft noise causes a sem®problem for airport authorities and governments. Around London,
concerns about the noise impact of Heathrowbds th
parliament. Accordi ng t oxcdsdive noidtoseriously Hamnahuman Or ganii
heal th and interfer es aghodlfatwprle at pdme @ng dudng leidure tineec t i v i |
It can disturb sleep, cause cardiovascular and psychophysiological effects, reduce performance and
provoke annoyance responses and changesoirc i a | b Fohtleeseireasonaifports must

abide noise regulations imposed by government, and noise abatement and community engagement
schemes have been rolled out. | CAO, the UNO6s civ
noise abatement strategies in the balanced apprgaghith forms the international guideline for

noise control around airpéft On the land side, noise conts 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 insulati6nOn the air side, quietairplanes, optimized routes and adjusted flight

procedures have reduced noise emisSighisd not without successes, as can be seEigirel and

Figure2. 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/l efforts, t he number of compl ain
e.g.%"). Instead, the numbers for Amsterdam show an opposite trend, whichedigegnites debate

about curtailing further growth of air traffic in the Netherlands &gare3). Based on literature,



there are a few ways to @ain the observed juxtaposition. Firstly, the relationship between the sound
exposure level and annoyance is less static than as$uroe@xample, the equivalent soymrgssure
level (Leq), i.e. the metric e8¢l for noise maps, only predicts a small proportion of the variance in
annoyance levels™. Instead, noracoustic factorssuch as the attitude towards air traffic and the
airport authorities, and the perception of coping are more important than acoustic*actors
Moreover, research shows that the deffect relationship between annoyance and aircraft noise
varies over time and between airpér8tudies 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 addresseikiy referring tothe social
political discoursavhich shapes the public opnidi* Secondly, other acoustic factors seem more
adequate to predict annoyance than thevadgmt exposure level in an atedor example, the

number of flyovers and the maximum sound level during a flyoreebetter predictors than the Leq

to explain thdevel ofannoyance€. Thirdly, studies show that the level of annog@depends on the
location (indoors versus outdoors) of peagi¢he time okxposure and the time of the day. In respect
to the local contexialso factors such as the satisfaction with a neighbourhood, place and dwelling

affects the level of annoyarni€é®

1.2.3. Noise, place and perception

The importance gberception, 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 citieas become more importaitt research on traffic noise in
cities’. For example, various studiescusedon the impact of buildings and streets to reduce sound
levels locally’*® Today, many European citiesinded the access to quiet building sides in
municipal noise abatement scherfié$ A quiet side can refer to acde without direct exposure to a
noise source and sound levels <45dB{Ajlowever, it can also refer to facades that are more than
10dB(A) quieter than the éade which is facing towards the noise sourceairead®. The design of
buildings, roofs and facades can contribute to reaching sucks'fé¥eDther studies showed that
natural features in cities can also reduce noise annd¥aRoe example, the sight gegetation from
dwellings decreasdhe level of noise annoyance people repdft€dAccess to green areas near
dwellings in areas with high sound exposure level on the facades can yield a similar’&figoe

effects of (visible) vegetation are estimated to an equivalent reduction of*18¢#®, the presence

of natural sounds showed to improve the auditory quality of outdoor spaces exposed to road traffic
nois€”2°, Enhancing bid song through landscape architecture, or placing water features, are
examples of urban design interventions suggested by researchers in severaf Stuidies

landscapes, the acoustic environment depends on the de#fign(ofban) context around people.

Consequently, the soundscape is the combination of (a) sound(s), in a given (visual) context, which



evoke(s) an immersive experience and an emotional respofise 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 andmprovethe auditory quality of aresaenear airports. Regarding the perception of sound and
cities, to the aut hor 6s obteesffectkohegwnatardl tpatuiast her e ar
relation tothe 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 porositysoil thear runways can

be used to absorb aircraft noise during take*. But, from an acoustic perspective, buildings hardly
reduce or amend the level of aircraft noise when located close to perpendicular underneath flight
paths$*3® However, for sites at a greater horizontal distance to the ground track of a flight path,
studies suggest that buildings do have an impact orotiveldevels of aircraft nois&*”. A study near
Frankfurt showed a difference up to 7dB between two positions around a building during an aircraft
flyover’. The same study showed a reduction of sounddémdtont of a building exposed to aircraft
noise, based on varying tfecadedesigri®. A computational study found a difference up to 5dB
between lowdensity urban areas with varying urban morphologies exposed to noise from a low flying
aircraft®. However, as the studgcusedon 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 numericmodels are often used to study the impact of architectural and urban design in
relation to the local abatement of traffic ndfs& Numerical simulation models are relatively cheap

and convenient platforms to compare the effe€t®any design interventions under the same

conditions. Since computers have become fastariaty of numerical computezided models have

been developed, ranging in complexity, speed and accuracy. Whether a model is appropriate depends
on a project 6s¥Atkough somasimulatibrj packagds degesoped tools to predict
aircraft noise for areas around airports, the models only implement standard aircraft noise prediction
method&*. These methods, such doc.29 and INM, calculate the dispersion of aircraft noise

around airports based on the noise footprints of individual aitydt? 44, The data is based on
measurements and corrected for e.g. meteorological effects @anmtigeflection$*4 The

combination of flight settings, airplane types, engines models and flight routes generate bespoke noise
footprintsaround airport§“>. The average sound pressure level in an area is predicated based on the
cumuhtive effects of all flight movementiiring a specifiegheriodin time. However, aircraft noise
prediction models omit buildings. Other, higHlelity, noise prediction models, used for e.g. noise
aurilization, have the same limitatitynThe 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,



without further research. Although urban acoustic simulation models can predict the sound dispersion
around buildings, it is unclear to what extent the models eapplied 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 architecturandurban 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. Researchliramework

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 niadnigedon noise abatement, or

the noise perception, ofban 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 afichaisga

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 oksyatic 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 noieaitting theeffects of buildings, or predithe sound

propagation around buildings, but only for sources close to the ground sgaresrs 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 eetwbuildings. 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, poladiers and airports.

1.3.2. Researchgps

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 gteadistance from (a) flight path(s). The currbaty ofliterature shows a
gapor blind spot bothin terms of empirical and numerical datience, it is unclear whethbuilding
design variables, such as building geometry and urban danélingncethe 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 resujisyiama
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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 rdsaactdesign practice.

Thirdly, to the authoroés best knowledge, yet no
features and soundscapes exposed to aircraft noise have been published. A growing body of literature
have shown the potential ofan greeary 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 uncerdeavids

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 objecties lead to the fourth overarching goal of the doctoral research:

9 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. Researclyuestions

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 wagudied 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 incre¢@edizd inchapter
5)



2. To what extent can urbaacoustic models predict aircraft noise around buildings with an
acceptable accuracy without considering atmospheric eff¢Sts@lied in chapte)

3. To what extent can the design of buildings and street canyons improve the reduction of
aircraft noise localy within areas that are not directly underneath flight pat{&tidied in
chapter?)

4. To what extent can visual and auditory natural features improve the soundscape quality of
urban areas exposed to aircraft noig&udied in chapter 8)

These four questianare studied by means of various research methodologies, ranging between (in
situ) measurements, numerical acoustic computation and (virtual realiyyitabrnsubjects based
research. For the readability of the thesis, each chapter will address omencaredtintroduce the
relevant literature firstrigure4 shows the structure of the thesis and the links between the individual
chapters.



Chapter 1: Introduction and research outline

Main question:
How can urban and architectural design reduce aircraft noise and improve the soundscape quality for areas
exposed to aircraft noise?

Chapter 2: literature review

Sound, airports, noise mitigations and aircraft noise annoyance

Chapter 4: literature review

Acoustic numerical computation, atmospheric
effects, validation

Chapter 5: study 1
‘Aircraft noise around buildings’

Measurements, buildings, sound abatement, case

Chapter 3: literature review

Urban design, noise abatement, noise perception,
natural features

Chapter 8: study 4

‘Impact of natural features on the soundscape quali-

ty in areas exposed to aircraft noise’

Perception, VR study, moving water, visible vegeta-

study approach
tion, urban areas

Chapter 6: study 2

‘Numerical method to simulate aircraft noise around
buildings’

Hybrid numerical method, aircraft noise, bench-
marked against study 1

Chapter 7: study 3

‘Impact urban and architectural design variables on
aircraft noise near buildings’

Numerical study, design variables, urban canyon
profiles, case study approach

Chapter 9: final conclusions & recommendations

Strategies to design the acoustic environment in urban areas near flight paths

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 reseasto 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 oasigth toolkit to complement designactitioners

during the initial and probationary phases of (urban) design projects. Althoptinasdisperse
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noise when taxiing and engine rupsas well the research onlypcusedthe noise emitted during

aircraft lyovers. The doctoral research covered two areas: 1) acoustic and 2) perbapédn

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 resatented 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 dfdrent sound sourc@amely airplanesSecondly, the variety of studies also
limited the time that could be spend per theme or topic. Hence, if a study led todipliguestions, it

was not always possible to set up folloy experiments, or to validatesults 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 methodolofjaraework 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 &7), or the way a study contribute to the overall research obj&ticbapter 8)Figure4

shows thdinks betweerthe chapters and the overall research outlihe. coreresearch chapters are

written in the style of (scientific) journal articlesach covering one topper chapterAs chapter®-7

are successivehe¢ intention is to submit the othelnapters once chapter 5 has been accepted and

published.

1.4.2. Research methods

The doctoral research comprises four studies in wiiiéérent research methodologies were used.

Since each study covers a different issue, a detailed descriptionrefeth@ntresearch methods is

given per study, presented in the chapteBs $o give an impression of the consistency between the
researclkthapters, 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 veaamined, based on measurements. Data was collected
around sever al buil dings at three | ocations near
Resources and equipment were provided by the courtesy of the Dutch Aerospace Centre (NLR from

now on), which vas also one of the funding partnbehindthe 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 benchmdie thseecond 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 eggrh was developed and tested. Numerical results were
comparedo 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
reldion to aircraft noise abatement in a third study. The impact of individual and combined variables
was calculated for the same case study locationsexfor the previous studies. In the fourth study,
NLRO&s virtual communi ty edtocosmpare thé influehce ofoatural VCNS) w
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 exposkto 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 feptmmrbased 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 literatire in a subsequent order without conclusidng with a summary at the endhe

research chapters are written in the form of journal [gapédth each chapter covering a separate

study. The argument of the doctoral thesis is formed by the sequeneestidies, 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 wor k iatthodgh ceanthotslarel felblow tesearchérsssuppaateddhe
researchihroughideas and feedback. Guthors are mentioned in the relevant chapters. Where

needed, the collaboration, funding and input from others is discussed in Appendix A in more length.

12



1.5. Lterature

1. Heathrow. Heathrow launches steeper approach trial to reduce noise. (2015). Available at:
https://your.heathrow.com/heathréaunchessteepemapproackrial-to-reducenoise/.(Accessed: 21st Novembe
2018)

2. Rijksoverheid. Compendium voor de leefomgevikdachten over vliegtuiggeluid Schiphol 192608.clo (2010).

Available at:https://www.clo.nl/indicatoren/nl03381lachtenovervliegtuiggeluidschiphol?source=rss.
(Accessed: 19th October 2018)

3. Kroesen, MHuman Response to Aircraft NaiggU Delft, PhD thesis, 2011).

4. WHO. Noise World Health Organizatio§2018). Availatte at: http://www.euro.who.int/en/health
topics/environmenandhealth/noise.

5. ICAO. ICAO Environmental Report 201BCAO Environ. Rep. 2018 224 (2013).

6. Netjasov, F. Contemporary measures for noise reduction in airport surrougppsicoust73, 1076 1085
(2012).

7. Boucsein, B., Christiaanse, K., Kasioumi, E. & SalewskiN@ise Landscap&nai010, 2017).

8. Guski, R., Schuemer, R. & Schreckenberg, D. Aircraft noise annoyd&resent exposure response relations. in
Proceedings of Euronoist’2 478 (European Acoustics Association, 2018).

9. Job, R. Community response to noise: A review of factors influencing the relationship between noise exposure and
reaction.J. Acoust. Soc. Ar83,9911 1001 (1988).

10. Kroesen, M., Molin, E. J. E. & van \éeB. Testing a theory of aircraft noise annoyance: A structural equation
analysisJ. Acoust. Soc. Am23,4250 4260 (2008).

11. Guski, R. Personal and social variables age®rminants of noise annoyanblaise Heall, 45/ 56 (1999).

12. Maris, E., Stllen, P. J., Vermunt, R. & Steensma, H. Noise within the social context: Annoyance reduction through
fair procedures]. Acoust. Soc. Am21,2000 (2007).

13. Broer, C. Beleid vormt overlast, hoe beleidsdiscoursen de beleving van geluid b@paieersiteit van
Amsterdam, 2006).

14. Kroesen, M. & Br°er, C. Policy discourse, peopleds inte
application of @methodology.J. Acoust. Soc. Ari26,195 207 (2009).

15. Bartels, S., Marki, F. & Miller, U. The influence of acoustical and-aooustical factors on shetdrm annoyance

due to aircraft noise in the fiekdThe COSMA studySci. Total Environ538,834 843 (2015).

16. Langdon, F. J. Noise nuisance caused by road traffic in residential areas: Bagdlnd Vib49,241 256 (1976).

17. Kang, J.Urban Sound Environmentglaylor & Francis, 2006).

18. Hornikx, M. Ten questions concerning computational urban acouBtidd. Environ.106,409 421 (2016).

19. Booi, H. & van den Berg, F. Quiet areas and the need for quietness in AmsterddnEnviron. Res. Public
Health9, 1030 1050 (2012).

20. Ohrstom, E., Skénberg, A., Svensson, H. & Gid@innarsson, A. Effects of road traffic noise and the benefit of
access to quietnesk. Sound Vib295,40i 59 (2006).

21. de Kluizenaar, Yet al. Road traffic noise and annoyance: a quantification of the effaptiet side exposure at
dwellings.Int. J. Environ. Res. Public Healft0,2258 2270 (2013).

22. de Ruiter, E. Reclaiming Land From Urban Traffic Noise Impact Zones. (TU Delft, Delft University of Technology,
2005).

23. Van Renterghem, T. Towards expiizig the positive effect of vegetation on the perception of environmental noise.
Urban For. Urban Green(2018). doi:10.1016/j.ufug.2018.03.007

24. Echevarria Sanchez, G. M., Van Renterghem, T., Sun, K., De Coensel, B. & Botteldooren, D. Using Virtual Reality
for assessing the role of noise in the andswal design of an urban public spakcandsc. Urban Planl67,98/ 107
(2017).

25. Li, H. N., Chay C. K. & Tang, S. K. Can surrounding greenery reduce noise annoyance atSomieial
Environ.(2010). doi:10.1016/j.scitotenv.2010.06.025

26. Gidlof-Gunnarsson, A. & Ohrstrom, E. Noise and vieding in urban residential environments: The potentlal ro
of perceived availability to nearby green areéasdsc. Urban Plan83,115 126 (2007).

27. Axelsson, O., Nilsson, M. E., Hellstrém, B. & Lundén, P. A field experiment on the impact of sounds frem a jet
andbasin fountain on soundscape quality in adraarparkLandsc. Urban Planl23,46i 60 (2014).

28. Galbrun, L. & Ali, T. T. Acoustical and perceptual assessment of water sounds and their use over road traffic noise.
J. Acoust. Soc. Am33,227 (2013).

29. Hong, J. Y. & Jeon, J. Y. Designing sound arsiial components for enhancement of urban soundschpes.
Acoust. Soc. Ani.34,2026 2036 (2013).

30. De Coensel, Bet al. The soundscape approach for early stage urban planning: a casérsaublypise 2010, noise
Sustain. 13 16 June Lisbon Por{2010).

31. Bolin, K., Nilsson, M. E. & Khan, S. The potential of natural sounds to mask wind turbine Aciaedcust. united

with Acust 96,131 137 (2010).

32. ISO. ISO 129131:2014(en} Acousticsd Soundscap® Part 1: Definition and conceptual framekol SO
(2014). Available at: https://www.iso.org/obp/uif#iso:std:iso:12918d 1:v1:en.

33. van der Akker, J. & Kekem, A/ooronderzoek absorptie grondgeluid Polderbaan SchigB0D6).

34. Flores, R., Gagliardi, P., Asensio, C. & Licitra, G. A Cas&$ of the influence of urban morphology on aircraft
noise.Acoust. Aust389 401 (2017).

35. Ismail, M. & Oldham, D. The effect of the urban street canyon on the noise from low flying aBcrisdt. Acoust.
9,233 251 (2002).

13



36.
37.
38.
39.
40.
41.
42.
43.

44.
45.

Hao, Y. & Kang, J. Influence of mesoscale urban morphology on the spatial noise attenuation of flyover aircrafts.
Apd. Acoust.84,73i 82 (2014).

Krimm, J., Techen, H. & Knaack, U. Updated urban facade design for quieter outdoor $pBaeade Des. Eng.
5,631 75 (2017).

Krimm, J. Acoustically effective facades design. (TU Delft, 2018). doi:10.7480/abe.2018.16

Licitra, G.Noise mapping in the EU: models and proceduf€RC Publishers, 2012).

DataAkustik. Option FLGAircraft Noise. (2018). Available at:
https://www.datakustik.com/en/products/cadnaa/extensioraifitgaft noise/. (Accessed: 2nd Octob&1B)
Soundplan. Aircraft Noise. (2018). Available at: https://www.soundplan.eu/english/souadplastics/soundplan
modules/aircrafnoise/. (Accessed: 2nd October 2018)

FAA. Aviation Environmental Design Tool (AEDT). Available at: https://aedtdav/. (Accessed: 28th September
2018)

ECAC. Report on Standard Method of Computing Noise Contours around Civil Airports, Volume 1: Applications
Guide (2016).

Arntzen, M. Aircraft noise calculation and synthesis in asiamdarcatmosphere. (TU Delft, 2014).

Heblij, S. An Integrated Approach to Optimised Airport Environmental Manage(ff@hDelft, 2016).
doi:10.4233/uuid:820d9e6bac44283bbcf-cc090d17fa2c

14



15






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 noisetload¢®ain has givea meaningo it. In this

chapter, the conceplbehindaircraft noise, aports and annoyancérmingfour themesare

introduced and discussefirstly, the physical bas 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 behid traffic and aircraft noise. Thirdly, the chapter dedicates a section to the impact of
aircraft noiseon cities, and the current state of aircraft design and future innovations. The section also
focuses on the mitigation of aircraft nolsg means ofand and airside 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 {ecraft) 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 Mikeadensity differences. Ahough 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 tloedbristhat
defines the magnitude of the enempmpressed 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 lin& A sequence of point sources becomes a line source, while small segments of

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

frequency

max amplitude

I /\ NN N NN PN IN NN
\/ NN R NN

amplitude

>
wave lenght A

distance (m) time (s)
Figure 5 a) wave length and amplitude, b) wave formed of multiple frequencies.

Figureba 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 sejand depends on the speed of sound in a particular
medium, which is around 344 m/s for ai.(hear the ground surfage an outdootemperature of

20°C). Thesound pressure levid 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 enoughk,fedtn b

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

frequency, soundftencomprises multiple frequencies (deigure5sb).

2.1.1. Sound audibility and decay
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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 frequéntiegeneral, tones within the speech domain, i.e.
frequencies betweei?00Hz andd5000Hz, are heard clearer than tones below or above these
frequencies? 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 peptien for different frequencies, various correction scales have been
introduced over the last decades (Bepire6). TheA-weighting is the most commacorrection used

for traffic and aircraft noise.

Spherical waves emit sound energy in all direiddue 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 drefurther damping is caused by the friction and resistance of
air particles, which partly convert the sound energyeat. The extent to which air absorbs sound
depends on the frequency, i.e. the absorption incréaiskigherfrequenciesUnless a source

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

the patrticles reettle in the initial pressure equilibrium.
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2.1.2. Reflection, absorption, transmission and diffraction

X% absorbing material
%% hard wall

Figure 7 Reflection (Ir), absorption (la) and transmission () 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 inFigure?. The level of absorption and transmission depend on the angle of incifl¢hee

material and the frequenty Transmission through walls means that the sound waves will propagate

into the interior of buildingswhichcanbe educed or bl ocked by the mass
material Acoustic absorbing materials partially convert the sound energy into heat through friction in

the pores®. 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 @emaécapproach to

guantifying the absorptiore.g. suitablén cass wherethe 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, ardstead, it is common to usesigle number for all angles. Hence, the
absorption coefficient is sufficiently accurate if the angle of incidence is of lesser imgoitaac

acoustic absorption is expressed as a value between 0 (no absorption) and 1 (full absorption).
However, theampedance 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 (pregsiite) acoustic impedance is expressed by
the unit Z, whichs$ a complex numb&rForporouscomposites, i.e. materials comprising a porous
permeablenaterialon top of a hard layer, the flow resistivity is often used instead of the impédance
To calculate the flow resistivity, both the impedance and the thicknéar)addditivéporous)

materia(s) are consideredhe flow resistivity describes the level of resistance air encounters when it
moves through the material. The metric is expressed in units &#PB3a Examples of composite
materials are snow or mulch on top of a hard ground, althowgh seemingly homogeneous

materials, such agassand concrete an al so be descrifbed as &éporousd

Unless a surface material absorbs an incident sound wave eraiteBst gpart 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, th reflected part of the wave will reach the recemementsafter 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 adilaeflected waves moving in

opposite phase can lead to interference, which can also create passive or agtivieéhti

w
’

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 soundds charact er i sradthewaveodarthe edgesofe, ver

the obstacle (sdéigure8)’. The wave will bend on the obstacle edge, which changes the direction of
the wave front and cuesthe form of the wave*®. 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 importathiefooise 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 eaéf laikerlight
waves, sound waves refract when they move through multiple fluids with different volumetric mass
densitied®. In the first instance, fiaction changes the direction of the sound wave. However,
variations in wind velocity anaind direction also decreasadbr accelerate the propagation speed

of the waved
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Figure 9 Wind and temperature profiles in the atmosphere, and turbulent eddy stratures, adapted from®.

Figure9illustrates the wind and temperature profiles in the atmosphere. In general, wind speed
increases with the height (up to 1000m), whereasgpipesite is true for the temperature gradient
during daytime. The gradient reverses during lmigime which is due to temperature differences
between the sky (cooler) and the ground surface (watmég the air layer scrapes over the grou
surface, the roughness of the surface generates local turbulenf.ebagiibalence is alscaused by
sudden and local wind and temperature variations, scattbgsgund waveif they move through
such areas According to literature, turbulence plays only a minor role when a source and receiver are
both located in the surface laygrHowever, if the source is positioned in the boundary layer, which
is the case for sources likidying) airplanes and tall wind turbines, the sound can be affected by
turbulence. For aircraft noise, literature shows that atmospheric turbulenleadda spectral
broadening, i.e. the distribution of tonal sound energy to other (surrounding) freqhdncesne

situations, tis may cause differences between theoretical predications and measutements
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2.1.3.1. Up-and downwind propagation

free troposphere
00

upward downward

refraction refraction boundary layer
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wind (gradient and direction)
temperature gradient
——— directivity sound waves

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 ¢o dg@wnwind refraction of sound

waves (se&igurel0). During daytime and under normaéather conditions, receivers positioned

behind a source, i.e. the area in line with the wind direction perpendicular to the source, are exposed
to downward refraeid sound. In general, wind effects are more dominant than the effects of
temperaturg which is why some methods to calculate atmospheric refraction omit tempasfure
variabl€®. 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 illustratEajure 10,

compared to a straight propagation profikfraction changes the angle at which sound waves hit an
obstacle. Subsequently, the direction of the wemat 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 thesoundhas reachethe human ear arid processed by the brain, sound loses its physical
objectivity and turns into a subjective noise. Literature shtbatthe appreciationf, or nuisance

from, the sounddepend on like e.g.the contextth sourcethetime of day, but alsahe personality of

the receiverHowever, acoustic characteristics, such as the loudness, sharpness, duration, spectrum,
also predict the reaction that sound eliciisleast to some exterBefore the chpter 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, motecycles, trams and bicycles. As the latter are relatively silent, cycles are usually omitted in

22



traffic noise literature. The sources in the first group are all forms of urban transport in cities. The
second groupepresentshe noise from (higtspeed) trns andwheeledvehicles that run on rail

tracks. Trains are usually studied separately from (urban) traffic sources, as are motorways. However,
in manyways the same principles apply for trains as for cars, motorcycles and trams. The third group
comprise noise from aircraft traffic, which is introduced in the next section.
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Figure 11 Sound spectrums of three traffic sources with an indication of the decay with distance, based on

atmospheric absorption and spread

In general, rotorized sound sources arade up of the various individual elements thibtate 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 eleatrigines 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 contadietween the wheels and the railakevibrationstravel 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 projectsmeaitways but also for
buildingsnear motorway,se.g. forbuildings accommodartg 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 thedtion of tyres andoad pavementsand the friction between the airframe and

the air, increases with the velocity of the sodifce

23



Figure 12 Doppler shifts in relation to the position of the source and@ receiver. The position of the source S, in
relation to the receiver R, changes as the source moves with a velocifychianging the wave lengti{A, time = 1s, B

time =n + 1s).
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Figure 13 Spectrogram of an aircraft flyover with the Doppler effect clearly visible, adapted fronf.

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 (se€igure 12). The Doppler effect is visible in the spectrograrfigure13 as the

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

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

Figurellillustrates the differences between airplanes, cars and trucks. Proportionally, aircraft
containsmore low frequency noigan cars and trucks. However, the most striking difference
betweenairplanes and other traffic sources is the position of the sourcEi(gae14). While
buildings can generally prevent sound moving from a stresdjacent (court)yards, this is less
straightforward for aircraft noise. Instead, &planes the shielding potential of buildings depends
on the horizontal (and vertical) distance between a building and the flightpatine relationship

between buildings and aircraft noise abatensediscussed in chapter 3.

2.2.2. Air traffic and noie
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 {P4:

6starting engine operation
Preflight engine run

Taxiing to line up
Takeoff and rollon

Flight path

1
2
3
4. Acceleration on the runway with full or reduced throttle
5
6
7. Landing

8

Runon operation and engineranp 6 (e. g. f or mai ntenance)o
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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:

1 Noise dispersed by aircraft moving between the platform and the runway and in contact with
the ground (numberk, 2, 3 and 4)
1 Noise dispersed by aircraft moving on the runwawbenstationeryon the platform

(numbers 5 and 8)

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

sound pressure level (dB(A)) sound pressure level (dB(A))
160 150 140 130 140 150 160 160 150 140 130 140 150 160

UT
\ F7/A50 '
27 N NS
Fed 2 \
#1 N ’ \ ,
v ! N

150°

90°

jet noise fan noise - combustion noise airframe noise total noise

Figure 16 Aircraft noise wit h power setting during takeoff (a), the aircraft is not moving, compared to an aircraft
moving at Mach 0.25(b) for different polar angles (se€® 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 plagiegdjjet, fan inlet, turbine),
fuselage, wins, flaps, spoiler and nacefeTo describe aircrahoise mathematically, the different
sources are divided in four (noise) categor@sithe combination of these foaategoriesre used to
e.g. synthesize aircraft noisehe four categories are 1) fan, 2) jet, 3) combustion and 4) airframe
noise. Foreach categorythere are different modeisatdescribe the sound emissions of individual

categorie e.g. by Stone (jet noisé)Fink (airframe noiséj and Heidmann (fan nois€)Figure16
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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 directityi, 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 duringtéskerhen the receer

is positioned behind the aircrait 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 Bimunee (
16b).Compared to engine remps and takeffs, taxiing airplanes are much quietét® During a

single event the sound level is tlesult 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 levatsneasured on the ground can deviate bynash as 12dBMost

of thevariationis attributed to the source and pilot settings and not, in this case, to atmospheric
fluctuations’. This means thahe sound profile of individual flyovers can vary significantly

depending otthe 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 gatm A to B. Many modern airports, like Amsterdam Airport Schiphol and
London Heathrow, were once military bases and located outsidéScitiesemental growth of cities

and airports has reduced the distance between the two, thus exposing moreopaopifit noise.

Often, buildings and infrastructure are needed around airports to facilitate the economic activity
generated by air trafft¢?% Airports have thereby turned into regional economic powerhouses,

creatng jobs in the wider area around airpbtte. The airport city concept, as coined by Kasarda and
Lindsay'® andadopted by various large airports, is based on the idea that airports can eatdlyse
channeleconomic development. Kasarda and Lindsay advocate a strategy in which the connectivity
and networkand connectivityof an airportakean important position. Avell-connected airport is
attractive to global tertiary companies, which increases the demand for office spemkaetund

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

the airport.

The conthuous process of economic push and pull initiated by airports, and the spatial consequences,
is visible around many, more established, European, Martlrican and Asian airports. Since the

legal formalization of noise abatement and urban planning institsir&ich as noise contours, it has
become easier to managed oversearban 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 oué the city, but this did not stop some airlines from returning to the original

airport years later (e.g. Montré3| or lobbying to keep depreciated airports open (e.g. Berlin
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Tegef®). More recent cases in the Netherlands, Britain and Germany have shown the technical and
political complexityto relocateairports. Since the 1990s, Dutpbliticians and policynakers have

been discussing the possibility of moving Amsterdam Airport Schiphol to ambwild artificial

island in the North S&4%% So far, the debate about this idea has ended in a financial and technical
stalemate. A similar idea was endorsed by Boris Johnson for Londbrhig/plan to replace the

London airports with a brandew airport in the Thames estu#ry/. The initial plan originated from

the 1940s and was finally voted down in favour of a third runway for Heathrow airport irf’Z816
Berlin, plans for a new gort to replace the two former East and West German aimgpatgsback to

the yearsafter the fall of the Berlin Wall, although it would take another twenty years before the
construction works commenced. However, the project has backfired financiallgclmically, with

an empty airport and huge cost overruns as the currenftéSult
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Figure 17 Prognosis for air traffic by IATA 3L

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 Ameritany decades ag®n 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 (s€g&gure17)*L. 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 fornof CO2, NOX, H20 and (ultra) particulates. Various studies have reported on

the concentration of particulates around airports and the potential adverse healttt&ffasts

introducedn section2.2.2 aircraft noise is the combination of the sounds emitted by separate parts.

Since the 1960s and 1970s, aircraft noise has beisswnfor airports and policy mak&¥. 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 exp&nsibmorder to reduce
noise exposure and emissions, industry, airlines, airport authorities and government joined forces,

resulting in a significant reduction of noise emissions.
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Figure 18 The reduction of noise emissions between the 1970s and 2840s

Figure18shows the noise emissions for various airplanes between the 28802020 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
singlewing design and electric engines could reshape therpicf flying in the future, it will take
decades before such innovations are rolled out and impleniefitédhnual reports by Easyjet, Air
FranceKLM and Lufthansa show that the life time and depreciation of new airplanes lie between 20
and 25 year$>® This means that airplanes assembled by Boeing, Airbus or Embraer today are
considered to remain operational for decades after leavinfattories. 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 industnand policy makers towards fuel efficiency in the foreseeable future, with noise

concerns comsecond.

2.4. Aircraft noise abatement strategies

To protect citizens from annoyance and severe noise exposure, urban planning near airports is
regulated by a varietyf rules and restrictions. In many countries, noise contours form a legal basis to
prohibit or limit building activities in specific aredsin some countrigsational legislation also

reguldes 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 rurfv&@fen, the equivalent sound pressure levels
during day and night time form the acoudtasisunderpnning the legislation. For example, the
European Noise Directive talks abouty-Leveningand Laight, together making thegb, metric (day,

evening, night, see equation below).

(2.1)
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The equation awards penalty scores to noise events that take place during the evenings and nights.
TheLgenis 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
FAA* or NEF in Canadd. In general, aircraft noise metrics assume that a direct or indireet dose

effect relationship exists between sound exposure, annoyance and health. In other words, annoyance
is the consequence of the equivalent sound expdsuel. 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 unit for human occupanég§“. In the form of noise contours, the deféect relationship is also

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

Civil Aviation Organization (ICAQO). 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 focusronaft design, flight procedures and route
optimizationschemesOn the contrary, landside strategies deal with-lasel planning, insulation and
compensation schemes around airpdite Balanced Approaatonsists of th following four

categorie¥ 48

Reduction of noise at source
Land-use planning and management

Noise abatement operational procedures

P w DD PR

Operating restrictions

Noise contours, respischemesi.e. banning flight activity during the night) and continuous decent
approaches (CDA)are examples of strategies widely adopted by European and North American
airports®. Respite schemes@d CDAs are classic examples of airside strategies, while noise contours

are landside measures.

! Landing procedure when the aircraft glidesards 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 ahe doseeffect curves

The doseeffect relationship is a croshisciplinary approach that links physics (acoustics) and
behavioural sciences (pdyology). In most cases, the relationship between sound exposure and
annoyance is based on surveys and matched with the postahéeespondents. Based on the
results, the corresponding exposure level (either measured or calculated) is matchesl with th
annoyance ratings from the surf&¥. Over the last decade, various studies have shown that dose
effect reldionships can change over tiffié. This means that the percentage of peagieindicate

that they feehighly annoyed in relatiorotthe sound exposure level, is not set in stone.
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Figure 19 Comparison of different exposureeffect curves from various European studies.

Figure19 shows an overview of resporsgposure curves from different European studies published
between 2001 and 26°°. 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 studiethat focussed othe 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 samé.qenbetween 2005 and 2013. While 61% of the respondents felt highly ahbgya_gen Of

65dB in 2005, this number increased to >80% in the 2015 survégelf, thisis a remarkable

finding, but it also suggests that factors other tharf@haivalent)soundievel are at playn relation
to(aircraft) noise annoyance. Consequently, the variety between expespomse curves has led to
research thdbcusedspecifically on the relationship between noise exposure and annoyantieemand

in particular the predictive power of metrics likgqandLgen

2.5. Aircraft noise annoyance

The relationship between aircraft noise and annoyance has been sindéthe late 1980 the

1980s, a study by J&Ashowed that noise exposure alone explained les20fanof the variance in

the responses to aircraft noise between particiffa®iicet he publ i cat i,vamousof Jobds
other studies have presented comparable figures, with the percentage of varganmmyance

response attributed to acoustic factors varying between 33% and*f2#stead, thexisting

literature suggest that nacoustic and personal factors account for the remainingnea. Literature
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therefore call airctethnhnoiaté assoapambech é6saaobbd
by changing the sound exposure level atBffe In the next sections, acoustic and +amoustic

factors that constitute aircrafoise 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 (Leg), With an A or C-weighting”’. The Europeahgenis a variation on theeqwhich awards

penalty scores for certain sources or sound evengpecific timeslotgevening and night)

Alternatively, aircraft noise exposure is expressed by the EPNdB, SEL, peak lgyglarid the

number of eventé The EPNdB is explicitly desigul 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
loudnes®’. The idea is that humans are more annoyed by tones in the frequency domain between 2000
and 4000Hz, and tteound energy is amended for these frequeticidhough the EPNAB is used in

both industry and academthg 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 secont? >3 Generally, th6SELis used to compare individual sound events. The maximum

sound level during an aircraft flyovier expressed as themax

2.5.1.1. Exposure and response

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

two groups. The first groufpcuseson the relationship between annoyance and-teng exposure,

basedn periodical (postal) surveys. Often, the ordered category scale is used, in combination with
absolute judgemert®. Two opposite descriptors are placed ¢
6not annoyed at all o, with $uRessachasaskgeoplato gr adu al
indicate their level of annoyance on the scale.dfgtudy puts the focus on the letegm 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

ca®s, people are asked to rate their level of annoyance during time irftefh@seond group

focuseson 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 likadhEgen Lamaxand/or the

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

and longterm noise exposure (s&€°°2%. On tre other hand, (acoustic) metrics like the location

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

on noise annoyance and shtatm exposure (see e¥®¥%). The two groups are complementary, but

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

guideline§’, shortterm exposure studies have a more explanatory and academic purpose.
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Literature on longerm exposure shows that thgn, Lamaxand the number of flyovers predict a
comparable sire of the variance in annoyance ratings between individg&lalso, thelgenhas an

indirect impact on the level of annoyance, due to a small but significant effect on the perceived level
of disturbanc®. Disturbance only triggers annoyance when people feel they cannot control ngtigati
the noise and/or lack the ability to cope wiffi if. Literature on shoterm exposure shows that the
hourly number of aircraft flyovers with a peakdt above 65dB(A) (NAT{s) 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 adjustegds a better predictor for annoyance than the
NAT. During the early mornings (7aam) and the late evenings (91®pm), 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 higherlseetgilcompared 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 offaRasRyovers during

night time, the number of flyovers is the most important factor for annoyance, followed by the
equivalent sound lev& Sleep deprivation caused by aircraft noise might reinforce a negative

feedback loop, with a buildp of less sleep leading to more annoyance (se€¥13.

2.5.2. Non-acoustic factors

Non-acoustic factors are socigersonal or contextlated variables with a significant influence on

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

suggests that neacoustic factors account for most of the variance between individuals in aircraft

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

political framing and the perception of fairness. & later in collaboration with Kroesé&hshowed

that peopleds assessment of aircraft noise annoy
in a wider sociapolitical discourse. Téindividual 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, corngstiigati

urgency of the problem. However, the attitude and manifestation of aircraft noise annoyance both also
depend on the belief in fairness. In this context, Masisowed 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 thiatands

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 souttd® Also, literature reports on a relationshigtween house ownership,

annoyance and noise levels, and the secianomic status of peopteResponders with a mid and

high socieeconomic background reged more annoyance than people in a low seci@nomic

group’. Studies presented opposing conclusions about the impact of demographic factors, meaning
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thatthere is no consensus about the influence of such factors on noise annoyaritsSyaiter

suggested that coping plays an important role in the perception of noise anndyancenceptual

framework is rooted in stregbeories and considers noise annoyance as a variation on physiological
stres®® According to these theories, stress is the
exposure to a threat and their rem@s to act on or deal with the thi@aCoping referso the

individual 6s ability to adjust the | ocal environ
What is needed varies between individuals and degzamthe time, place and activity. Several

studies also showed that a sudden increaseoréddexs e i n ai r t f0a fofri- ulnedeeds t
reactiond compar’®%UThis mears tha their ¥eypekot anreyance rises faster, or

drops further, than what would be expected based oneftess relationships.

Although there are plenty more studies on noise annoyance aratoostic factors to discuss, a
fundamental shortcoming of the literature on‘a@oustic factors and annoyance is that studies are
mainly inductivé®, This means that correlations are not based on a supporting theory, but on isolated
statistichobservations instead, which obscures the interpretation of the factors and caus&l. claims
Additionally, most studies are based on multiple regression analyses, but it is unclear whether this
method is appropriate for situations with feedback loops between ficEnsKroesen, Molin and

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

explain aircraft noise annoye, based on the previous studies.
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2.5.3. Causality and annoyance
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Figure 20 Structural equation model for aircraft noise annoyance, adapted from the work by Kroesen, Molin and van
Weeés,

Kroesen, Molin and van Wee used the framework by Stalenthe supporting theoretical basis for
their research. The model considered direct and reciprocal interactions between acoustie and non
acoustic factorsvariables were selected on thesisaof metastudie$*°%°*""8 and were only
included i f there was enoudghyure2@shovetineanedelfamdrthea f ac't
guantified interaction effects, expressed by the standardized path estimates and the correlation
coefficients. The model makes a distinctlmetween 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 waded into the model, and only significant and independent factors were used for a second
iteration.Figure20 shows the effect sizes of factors andpraxities between factors. For example,

the figure shows that perceived disturbance (0.54) and perceived control and coping c@pa@jty (
are quite similar, anohfluenceeach othein, an almost, eveand reciprocal mann@&®L Although the

Lq4enis the only significant determinant factor for the perceived level of annoyance, the effect size is

35



very small (0.04). Kroesen, Molin and van Wesncluded that the concern about negative health

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

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

predicting aircraft noise annoyance. Kroesen and Schreckéhbleogved that a general attitude

towards aircraft noise (GNR) forms a Ol atent sup
annoyance, disturbance of activities, fear and health (both mental and pi§isTdadye 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 healtied conceri&

2.6. Human cognition and sound
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Figure 21 Descriptive model for the interaction between sensory stimuli, mindtates and the context surrounding an

individual 83,

Stallef®and Kroeseftdo s concl usi ons are backed up by other
response to sound. For example, Andringa and L&tegue that (the perception of) quietness is

linked to control ovethe state of min@ 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 then d i v fredoim to dexide what to be expose®Bip.

combing through cognitive and evolutionary biology theories, Andringa and Badseeeloped an
explanatory frameworto explain thehuman interaction with their (acoustic) environment Sgere

21). The fram&vork describes the interactions between the surroundings (peripheral sensing), the
cognitive evaluation (core cognition) of the environment, and the response<gmatayl The model

was built on the premise that humans, like other species, constantlgtevthleir surroundings for

safety. This evaluation is important for their survival, and often occurs unconsciously within split
seconds (modal gist) anchile the environment imonitored simultaneously by multiple senses.

Unless the information gatheredatohes expectations, the body is alarmed and starts to respond. Very
loud sounds, blinding lights, strong stenches, stark temperature variati@atiseagemples of sudden
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di stractors that can change a per dingnodAsdringdhy si c al
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 fdidtracted 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
constdlation and saliency of various sound sources. Halpner, Blake and Hildefftsaggdest 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 productionss ktranones which cause long

term adverse health effects (e.g. cardiovascular disé&a¥es)

2.6.1. Place, sound and perception

The models by Stalléf) Kroesef?, Andringaand Lanse?® and Evan¥ show that, to a large extent,

the experience of sound depends andbngruence between the environment and personal

need$’® 88 These needs are not fikeand depend on activity, time of the day, mood and place.

Sound is perceived as more annoying when it disturbs communication, relaxation Yr sleep

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

people are inside a building compared to being outd68r€ 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/Vells and Moch put itHome 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
a20ALf O2yRAGAZ2yadX t 22N K2 dzainyiishesimddtetyladde NS RdzOS &
O2y G NROdziSa G2 | 3S% Sodd tnnaydhee ds Svorse WheK Sebpladbr§ 3 ay Sa a

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

I3

€

housé>>**! This is especially the case when the insulation is a form of compensation for (aircraft)
naise and paid for by an (airport) authorftyHence, good urban and architectural design can
contribute to the reducth 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
landscapeby masking unwanted sounds and/or improving the overall satisfasfti@sidents. 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

)l

Locally, buildings and surface materials can reduce the exposure to trafficengibg,
increasinghe friction induced by edges (diffraction)thie acoustic absorption of surfaces.

An inhomogeneous atmosphere scatters and diffracts incident sound wavesnfitecices

the propagation of sound if a source is positioned in the boundaryfilayeranple 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 whichdfikelardings, flying

and engingun ups are the noisiest. The directivitytloé sound depends on the working

mode and varies betweeameg@arly) spherical (flying) to conical (takeffs / engine rurups).

As aircraftnoiseis scattered and refracted in @tenosphere, 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 contots are based on the equivalent sound exposure level, assumingedfdoise
relationship. However, the dogé#fect curves vary between individual studies and airports.
Recent studies show that annoyance induced by aircraft noise depends on acoustie and non
acoustic factors. Acoustic factors explain about a third of the variance in noise annoyance
ratings between individuals, the rest is attributed teamyustic (and personal) factors.

Peak exposure levelsmay, average exposure levels (d.gsn) 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 d annoyance than tHeyen

Non-acoustic factors, such as the perception of coping and caaresken 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 alsoartgmt predictors for the level of annoyance
that people (may) experience. The more private the location, thesersiive andlisturbed
people will respond to the exposure to exogenous sounds. Heeasyreto adjust the

sound exposure levels aroundeaeiver 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 perceptioaurfdsdoes not only depend on the acoustic

signal, but is also determined by factors like place, soaomed level, reverberatipn t he per sonés
activity and the time of the day. This chapter preselitsraturereviewon the impact of the built

environnent on the exposure and perception of sound. The chapter opens with an overview of
literaturefocusingon the acoustic effects of buildings and urban designs. The second part of the

chapter considers the role of architectural and urban design in retativa duditory 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 literaturefocusingon 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 alse éiferent objectives. Mesoscale studies usually
examine the relations between factors like street ramifications, population distribution, traffic flows,
building heights and noise levéfsinstead of the sound levels for a specific position, studies focus on
the statistical correlations, e.g. between the floor or gropadesindex and the overall sound

exposure level in an areaMost studies use heuiissimulation models, which are more practical for
calculating the sound levels in cities than Kiglelity wave-based models. The latter offer a higher a

level of precision and accuracy, but are significantly slower than heuristic models, and oftmhtlimit
studying sound dispersion around thoémensional geometrié3 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) buildinti{issound dispersion

within streets or towards adjacent courtyards. The impaetfarchitectural 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 numericdagaeemodels,

sometimes in combation with scale model and/or wind tunnel t&$tsin general, studies on the
propagation bsound in urban areas can be divided in three groups. The first group focuses on the
impact of street and building geometry. Studretbelong to this group can be either mesio

microscale oriented, depending on the scope of an individual studyedtwedsgroup 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.

42



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 BerghatRent, 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.rip masoscale studies, the impact of sound is
weighed up against the total number of people living in art,amdéch is important for urban

planning and traffic management.

Acoustic mesoscale studies also considered the impact of street and buildingatimenghe sound

|l evel within the source and adjacent canyons. A
influence of the urban mesoscale and aircraft. The study compared 25 urban areas, calculated the
sound levels in the areas and then lodkedorrelations 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-heightratio (W/H from now on) and 5) the horizontal distance betweéghd

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 coded 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 stedy carri

out in China found that rigid facades and smaller streets increase the souhdHieweler, for cases

in Spain and the Netherlands, studies have reported the opposite, tlatrtidesel is higher in

wider streets, probably because wider streets are busier with higher traffic speeds and{olumes

At the other end of the spectrum, microscale studies foauwsedon 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, SalomonsBatitgldoorefA showed that W/H ratios less

than 1 reduce the sound levels ingiwer 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 Fa@sgsound a sibtle 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 conditions

3.1.2. Facades, roofs and ornaments

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

diffuse the sound éld 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 cam&elBprt noise

reduction, depending on the frequency (i.e. greatest reduction for frequencies >400Hz). Similarly, a
tilted parapet (39 bending towards the source can reduce sound for frequencies below 400Hz
Except for higher frequencies, the tilted variant did not lead to more noise reduction than a straight
parapet. Another befit of tilted parapets and balconies is the extra shielding they provide near the
facades within balconi&sThis effect is most noticeable for the lower floors, which are closer to the
sound source For aircraft noise specifically, facade protrusion can reduce reflections and diffuse the
sound field near facad€@sScale model tests revealed a maximum sound reduction of about 4dB,
based on a broadband source with a spectrum betwétma2fsl 630HY. The deign 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'tdfor traffic sound moving between two canyons, asaw
toothed roof top abates the sound in adjacent canyons most effectively, i.engathgiover

10dB(A). For specific parts of the facade, this level can exceed 15dB(A) for light vé&hicles

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 gurtaw 3s 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 absorbiohent sound, the scattering and abating effects caused by
diffraction and reflections may outweigh the sound attenuating effetiie gfound absorption. In
general, porous materials absthb incidensound better than rigid structurdis can be illstrated

by a study that found théte sound level of a stationary aircraft engine 1000m from the source can be
about 15dB quieter if the ground surfacéoisned bygrass instead of concrétePorous materials

such a thick layers of snow, forest mulch or gravel are likely to show even better, assthisir flow
resistivity is lowet*!* In cities, rough surfaces like walls or pavements scatter the sound waves and
diffuse the sound fiefd This also applies for absorbing materials mounted on walls in the street and
adjacent canyoAsConsequently, less sound energy leaves the canyon, which results in lower sound
levels in adjcent courtyards. Van Renterghem, Salomons and Botteld@stimated that thsound
levels are about 10dB lower for irregular facades compared toorngisl 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 4dB can be obtained when absorbent materials are
mountedon the walls or ground surfaéeBalconies with porous materigluedon the ceilings or on

the back of parapets reduce the sound levels on the balcony and near thé¥adamestudies found

a maximum additional attenuatiaf 8dB, depending on the floor level and dimensions of the

balcony’. However, weather wearing effects and rain create a challenge for the applicability of
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porous structures in outdoor areas. An alternatregreen valls growing on porous substrates. Green
walls canyield a relatively high level of sound absorptias long as the substrate is not too wét

the foliageforming a protective layecoveringthe substraté. Various studies showed the acoustic
benefits of facade vegetation mounted on watlsGreen roofs can improve the noise reduction by
about 10dB compared to a rigid ré6f. Moreover, the combination of a diffracting roof shape and
vegetation yields a cumulative reduction of n&ise

3.1.3. Landscape features

Largescale landscape features, such as hills and mountains, reduce the probability that noise will
spread over a large area beyond a vallesnoiosure. 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 waysFirstly, dead leaves form a porous layer of mulch on the forest floor,
increasing the absorption of waves reflected towards the ground. Secondly, iédeuagh, the

foliage acts as a damping layer and attenuates incident sound through viscou&*fridiicaly, 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. motorwaysy.

Trees in streets will also scatter, absorb and reflect the sound, but to a lesser exterg.saties

show that vegetation belts can reduce traffic noise up to 10(Adlthough the noise attenuation is
much lower in the casaf downwind refractiof®>. Foliage and leaves mainly reduce frequencies
above 200Hz, while ground absorption has a larger impact on frequencies lower thatt Z00Hz

When it comes to reducing the noise emitted during the first part of an aircraftftatesearch has
showed that the ground impedance level can make a difféfeAcstudy showed that ploughing the
groundon a regular basisanreduce low frequency sound in an area about 2000m behind the runway.
However, vegetation alggive the perceptiothat noise levels are lowegven 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 differermfethe 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 fa&cean refer to a building side with an equivalent sound

level below 45dB(AY’ or 42dB(Af2.However, the term also applies to building sides at which the

relative difference between exposed and-erposed facades exceeds 188 Other studies point

tothe importancedd qui et nessd® and / or o6tranquillityé for
environment3 This can be described in acoustic terms)ix@ax< 55dBA orlLaeq< 42dB@), or as

the relative variances between sound evéffts>
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3.2. Urban areas and sound perception

The dual meaning of quiet building sidasboth absolute and relative, shows that sound exposure

|l evel s and peopleds response are mhersfromecessarily
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
musicianRaymondSchafer as the founder of this disai@i 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 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
a nacodistic environment as perceived or experienced and/or understopéispia or people, in

c o n t¥eStilt tibe variety of studies that relate to soundscapes is immense, ranging from
ecologicaf’”*to architectura({or urbar)® andhistorical studie¥. Soundscape studies often combine

guantitative and qualitative research methods, such as acoustic measurements and surveys.

Due to the scope of this research, this section will only consider soundscape literature comnected t
the built environment. More precisely, this literature study focuses on urban contexts that yield a
positive effect on the perception of the acoustic environnheriis respect, various studies explore
the impact of natural features, i.e. the awdanal interplay between the sound of moving water and

vegetation and the potential of water sounds to act as acoustic f&%kers

3.2.1. Perception of acoustic environments

The perception of the acoustic environmeaut beassessed imariousways. As the field is relatively

young, the academic community is still working towardsstiaedardization of research metrics and
methodologies. In relation to noise annoyance, the sensation that a tone or sound evokes is often
measured by its 0*"6WZdickerSasddd eadn dt hoes héafrlpuncetsusadt i on s
factor tomeasurehe level of annoyance. The main criticisior usingb n oi s e aasameasam c e 0

to describe the acoustic environment is that the wording inherently classifies noise as Ufiwanted

Instead, the quality or perception of an acoustic environoanbe studielly asking people to rate

its Opl easant neuwndsdape pasanmessirelaes 1o the roughness, sharpness and

tonality of a sound. However, Lavandier and Défiille® also linked soundscape pleasantness to the

sound level of a source, and the durafienple are exposei a sound. An alternative way to study
acoustic environment s* Asdiscussed,imgedaton to buildingsideso qui et ne
6gui etnessd can be formulated in absolute or rel
acoustic environments is not defined in more depth, dlizer the criterion that the sound levels

should be >10dB lower near a quiet building side comparedtotheeXpoadd The 6sl opebd o
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soundscape is a metric which can be used to describe the perceived quietness vt anTdreslope
considers the number of souedents and the fluctuation of the sound exposure levels in an area over
time*®. On top of these metrics, a place can also be described in terms of the perceived tranquility,

which relatesot he amount of audi ble natur al sounds and

a soundscapeé

Axelsson, Nilsson and Berglutdanalysed which latent variables are relevant descriptors for the

guality of a soundscapeéheys howed t hat the factors O6pleasantnes
with é6familiaritydé, expl eeiceptiomesveen nmdvidiala(®@e of t he
18%, and 6% respectively). Based on the results, Axelsson, Nilsson and B€rgasigned an

explanatory quadrant for the quality of soundscapes, formed bgxttremesThe soundscape
perception is measured on a quadrant scale with
6event ful v er thatwoaxesnAxelssamtNflssoh &nd Bergldhcharacterized eight

soundscape variants, all positioned in thedgaats between eventful and pleasant Egare22)°.

eventful

chaotic exciting

pleasant

unpleasant

monotonous calm

uneventful

® human sounds
O technological sounds
O natural sounds

Figure 22 Octagonalprojection of eight soundscape varieties with the position of human, techlogical and natural

sounds, based on the results of a listenirtgst comprising 50 excerpt?.

Because of the predictive power of the opposites
6soundscape eventfulness versus uneventful nessé
is frequently used to measure soundscape quafityin general, soundscape pleasantness is

associated with natural sounds while soundscape eventfubpssentsthe descriptions of liveliness

and ambiance (e.g. the level of human sounds)(se®&)gsee Figure22). Aside from thavork by

Axelsson, Nilsson and Berglund, various other stuftiessedon the perception of soundscape

quality in relationto acoustic factors, such as the average sound pressure level and/or the temporal
variability®>>. However, the results are not always conclusive, and some scientists have questioned the

appropriateness to consider only acoustic measure in respect to the soAdscape
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Finally, various studies stress the iIimpamrtance o
relation to the visual surroundirf§$2 In other words, amidi vi dual 6 s expectations
soundscape should be congruent with the actual S
that appropriate s oun tdnsteag appropsiateeess)ay soondsgapeo r pr ef e
congruence, is seen as an additional criterion to rate the soundscape tpgalibher with variables

such as the O6pleasantnessd and dbéeventful nessbd.

3.2.2. Moving water and masking

Sounds from moving water vary in temporal variability, loudness and sharpness, and can be artificial
or natura*%%* A few audieonly studies reported sea waves as the water variety that was rated most
pleasarft®S 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 situatiofi$ though
and therefore the right sound source must be carefully designed and selected before being
implemented. For example, waterfalls or watetdezs generating a relatively constant and low
frequency sound were rated as less pleasant than babbling &tf€adrsthe 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 nta8kispund

masking techniques can be divided in two groups: 1) energetic and-2nhaggetic or informational
masking. Energetic masking makes a target sound inaudible mgamtdind 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
becomes harder to disguish the target and masker sounds, thus increasing the audibility threshold of
the individual sound¥’. In urban contexts, masking is linked to the source prominence and hierarchy
between foreand bakground sounds, which make the soundscape of an%%4 Literature

showed that adding moving water changed what jgesgolv as the most prominent source in a
soundscape, which was seen as a form ofemargetic masking by the authéfsWater can

energetically mask traffic noise, but only when the sound spectrum and temporal variance of the two
(or more) sources coinad®®*’*"* Galbrun and Af° concluded that the frequency spectral

components of road traffic make even the most preferred water varieties unsuitatdesKong traffic

noise energetically. However, studies suggest that added water features/sounds? can increase the
auditory appraisal of road traffic noise by informational masking or distrat®féf* " 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(Ahdovike noise

level of the traffic noisé®*>2 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 vegetatio 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
77 Traditionally, this was measured using projections and images combined with headphones or
speakers, whereas now integral technologies like virtual reality (VR) have become more ¢8ffimon
Results from previous studies stress the importance of congruence between expectations and
soundscapé’*"®and the positive effects of vegetation and natural visual cues in urbari®areas
Additionally, it was found that the perception of noisiness decreases when a source remains partly
visible through the greenery. More recently, studies have explored the impact of green walls and
trees in outdoor urban settirtg& through immersing participants in urban scenes by using
projections or (more recently) virtual realf°. One finding was that vegetation, mainly in the form
of trees, improved sound appraisal in an urban setting@réd more highly than other forms of
vegetation like wall greening or shrusSimilar 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 soundsca3eOn a larger urban scale, vegfiin and access to green
areas (e.g. parks or nature) contribute to a lower annoyance rating from traffi¢’ #tiéd his is

partly attributed to the restorative character of greeasa and partly to the aesthetic qualities of

vegetatiorf>8183

3.3. Summary

9 Literature on the propagation of sound in urban areas can be divided in three groups, 1) city
planning, 2) design of buildings and stetd 3) surface materials. The groups are based on
theurbansel e (mi cro versus meso) and a papero6s

1 The acoustic effects of buildings and cities are usually studied by means of heuristic-or wave
based acoustic computational models, whidddiscussed in chapter 4 in more depth.

1 The dispersion of (road) traffic noise in between and around buildegsnds on the
architecturadesign, such as the shape of balconies, rooftops, the building height and street
dimensions.

1 Landscape features, such as hills or elevations, and acdustibengsurfacessuch as
porous substrates or ploughed land, matucethe intensity of reflected sound (ground)
waves.

9 Literature shows that the intensity of aircraft noise around buildings depend on the urban
configuration of an area. However, ituaclear which design variabldike e,g,the geometry
and materialization of buildings and streets, induce these differences around and between
buildings. This question is studied in chapter 7.

9 Forroad traffic noise, access to a quiet building sideednce the perception of annoyance.

A quiet building side can refer tofacadewith a sound exposure levedi5dB(A), or when
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the relative difference between an exposed and shieldaddaxceeds 10dB. In respect to
aircraft noise, this theme is studiedahapter 5.

Beyond theguantifiableacoustical description of a plaghe acoustic environment or

soundscape, can be characteriweisingn qualitative terms, e.g.dsedon the (emotional)
perceptiorof a place in respects to the sound(s)

Soundscapecan 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

O6pl easantnesso, 6eventful nessd and o6familiari
aboutthe soundscape and the visual environment. Hence, the constellation of sounds that
blend togetheforming a soundscape can be influenced by addingasking individual

sources. Instead/sovisual 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 ldésenclear 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 faktegvailablenumerical methods have become more
advancedwhich has resultedn better and moraccurate angiable models Today, numerical

models are used for a variety of applications at different spatial scales. For example, numerical
models forecast the equivalent noise levels around airporits cities used to monitor excess sound
exposure levefs Auralizationmodels are used in research and communication to rendaneersive

and realistiexperience of a passing car or a flying airctAfiHowever, each model has its

limitations, and whether a numerical methg(it 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 theigoahtb

local weather conditions, but only consider ground reflectionsthe other handrlban acoustic

models are used to predict the sound propagation around buildings or in streets, but often-for a non
refracting atmosphere. Consequently, there nesr@gap between the models appropriate to predict
the propagation of aircraft noise andskmodels developed to predict the propagation of sound

around buildings.

This chapter introduces the existing numerical models used both in academia and/arldeal
applications to predict noise in cities anaim flight proceduresThereby, the chapter discusses the
advantages, applications and limitations of the different models. The chapter commences with urban
acoustic models, followed by aircraft noise miagpand 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

acousic 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-fior-purpose or not will depend on the urban scale and the objectives

of an experimet or project. In literature, urban acoustic models are usually divided in two groups: 1)
wavebased or physics models and 2) heuristic or engineering moSetse scientists add a third

group in addition to thesetwogrodps To avoi d any possiblebambdguit)
and O6heuristicd wild.l be used in relation to both
numerical methods which are either regarded as hybrids betheéirst and second group, or as

methods which do not fit the traditional characteristics of the models in either gfougvoid any

ambiguity, the first group of models will be referredéo a6 vhaavsee d 6, t he second as
the third as 6éhybridd from now on. These three ¢

the following sections.
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4.1.1. Wavebased models

The first group comprises numerical methods which calculateaiined pressure level by solving

wave equations, hence the n'dWavebhsehmethdds wedictthp hy si ¢
sound dispersion with a high accuracy, and generally focus on air pressure fluctwationa time

or frequency domain. The basis of wahased models are mathematical formulae that describe the
transmission of waves. If meteorological effects are included, the linear Euler equations are solved

thus:

16 P 4.1)

ra o, L w - (42)

In these equationsyrefers to the adiabatic speed of soundto the atmospheric density, to the
wind speed¢ the acoustic velocity angito the pressuréilternatively, the wave equation selved

for situations without weather effetts

g PT (4.3)

Instead, a timéndependent variant of the wave equation is given by the Helmholtz equation, used for

the frequency domain

yn Qn ™ (4.4)

The equations illustrate that, even within the whased category, there are differences between the
models which depenadin the chosen numerical method. In a recent article, Hdrnikxle an

overview of the most relevant and widely used whased moells (seelablel). 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 betevesvdidls, andepends 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
differencearethe spatial limitationsf the methods. While some models only calculate the sound
transmission in a twdimensional plane (e.g. the FDTD metHpdthers calculate thesnd

dispersion in all three directions (e.g. the PSTD meja@iie to the computational overhead, wave
based models are usuatiply used iracademic studies. More specifically, wahased models are
often applied for urbramicroscale studies in which the propagatibsoundin a street, or between a

few canyons, is analysed. Within street canyons, meteorological factors shelvasl and
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temperature only have a small effect on the propagation of sound. Hence, manmiarozcale

studies omit atmospheric refraction. However, this does not mean thabasee models are less
appropriate for the simulation of atmospheric effects. For example, wind effects influence the sound
propagation over roof tops or fields, andutmins have been developed for such probfén#st the

time of writing, an interdisciplinary research projaghsto canbine CFD (computational fluid
dynamics) and wavbase acoustic modélsThe projecseeks way$o improve the prediction of

sound levels from distant sources in urban areas urifienedt wind and weather conditions.

Although first results have already been published, the final conclusions are expected around 2020.

Table 1 Comparison of various wavebased urban acoustic models by Hornikx TD refers totime domain, FD refers
to frequency domain, and the signs +lo refer to the level of appropriateness of the model, + refers to highto low

and o to medium. Seefor the original source of the table.

Method Type Meteo Reflection Diffraction Frequency

Mean Turbule | Air Abs. Geometry | Materials Storage Accelerati

profiles | nce on
PSTD TD + + + o + + +
FDTD TD + + o] 0 + + o] +
BEM FD (o] + (o] + o] o]
FM, BEM FD o] + o] + + o]
ESM FD + o o + o] o]
TLM TD + + + 0 + + o +
PE FD + + 0 0 0 0 0
Modal/FE | FD 0 0 0 0 + 0 0
M

4.1.2. Heuristic models

The second group comprises models with a lower fidelity than4wased methods, but with a

greater flexibility and faster calculation spaedgredictnoise in streets, neighbourhoods and cities. In
contrast to wavdased methods, heuristic models complaigesound transmission between sources
and receivers based on empirical observations and standarizatitersce, sound is netlculatedas

the air pressure within a time fsequency domain, but as the energy exchange between a source and
a receiver>!! Therefore, m the first instance, it is required to detect the possible propagation paths
from a source to a receiver. There are different methedsable to do this, and the appropriateness

of each method depends on the applicatiofhe image source method considers the boundaries of a
(street) canyon as reflective, and mirrors the source poshiionseans ofmaginary canyori$?
Consequently, the sound lewalthe position ofhe receiver is theummation of the energy

transmitted from thécentre points of theéjnage sources to the receiver as it would in a free field
situation (no walls or ground$) 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 deftied rays, traces tpaths between the
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source and receiveand determines the paths that cross the re¢éileBubsequently, only those

paths that reach the receiver are selecteduftinér analysis. The ralyacing and image source

methods are commonly ustahethelin heuristic methods, although some models use alternatives

such as beam or particle tracthgcompared to wavbased methods, heuristic models are less

accurate for large wavengths, multiple reflections and irregular surfacésr diffusely refledhg
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 predictthe sbéins r ever ber ati on ti me more p
or squar&-®. A higher reflection and diffractioarder increases the accuracy of a method but also

slows down the calculation spéet@he calculation speed and accuracy of heuristic models depend on
the model settings to a much greater extent thanwased methods, which simulate the spherical

dispersim of a wavé.

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 wavebased method# 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: tHeapath and the

energy exchange algorithfixamples of the latter are 1ISO 9623Harmonoise and Nord200b.

ISO 96132 is a typical example of a heuristitethod based on empirical standards. In ISO 9513

the total sound attenuatid@nis calculatedas follows:

0 © 0 0 0 0 (4.5)

In the equationy  refers to the sound attenuation due to atmospheric sgreadto the

atmospheric absorptiod, to the ground effecf)  to the attenuation from obstacles @and to

the sound attenuation from scattering@®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 sG.foré

main differences between different heuristic methods lie in the calculation procedures for these
individual contributors. For example, Harmonoise and Nord2000 calculate the effedtgof e
diffraction, scattering zones, ground reflections and refraction diffefériigcause heuristic models

are regularly used to predict noise levels for larger urban areas with gigbslistances 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 micamd mesoscalstudies ' However, since wavbased

models have become faster and more accessibleia @en source codes, recent publications
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indicate a trend towardhe use ofvave-based models for urban microscale studi€his 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 Sourmipla@adna, usually integrate various

heuristic methods or standards into the model in combination witHipd#r algorithms. For

example, Cadna implements ISO96A13 f or nor mal cases and industry
doc 29 for aircraft noise]@ngside 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 grougleuristic or wavébased mode)sthere are exaples of hybrid models
thatblendelementdrom both groups. For example, some methods combine-taeing algorithm
with solving the Helmholtz equatidnstead ofempirical approacheto calculate the sound pressure
level°. The advantage of blended approaches sucleasigtthat it overcomes the problem
heuristic models encountenainly forinterferenceof low frequency sound. Additionally, the ray
tracing part makes it easier to calculate the sound propagation over larger areas and for three
dimensionswithin areasonable calculation spe@&itatistical learning models aaeother example of
ahybrid appoaclt. 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
theowy that describes the propagation of sound in outdoor areas. Subsequently, a neural network
algorithm is trained to perform (regression) analysée® any neural networkhe 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 model s. Aircraft noi se predication mode
and ECACO6s doc. 29, calculate the average sound p
dat&*?° To achieve a compromise between the calculation speed and the yaofsach models,

the distance between grid points is large (>F&n@onsequently, relatively small objects, such as

buildings, are omitted, and only ground reflections are consitiérdthe models compute the sound

level in an area based on the poweisedistance, norml at a height of 1.2m above the ground

surface, and as a function of the thrust setfirijse 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 antoefisto account,

the models add a correction for the Lateral Attention {ZAHowever, as this is fairly simplified

compared to reality, recent studies have tested more sophisticated methods of including atmospheric

effects based on a rdsacing algorithr?®. Based on weather data, the-tegcing component
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attributes a curvature to the propagation path between a source and a node representinghen area
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 refleceagew/ can lead to interference, it is often neglected

for noise mapping purposes. This is because the reinforcement and cancellation effects will*alternate

Like most heuristic urban acoustic methods, aircraft noise auralization models solsesairay

algorithm to determine the sound propagation paths betweemae smsition and a receivér

Aircraft auralization models are used to create an immersive and realistic impression of &n aircra
flyover for laymen. The position of the flight path and the receiver are usually fixed and%preset
although there are alsaamples in which the receiver can move ardfirld every case, the sound

signal is adjustetbr 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. thedistance between the aircraft and a recewgreat, atmospheric refraction

can play a significant role to create a realistic auditory expefiefibis means that the auralization
models should anticipate on wind and temperature gradient, which can deform the soufitf.signal
However, reearch shows that atmospheric effects only render a signal clearly djffetfemangle of
incidence of the direct sound wave is &1Aside from refraction, the ground reflections will change

for each position, and must be recalculated accordingl{inliothe computational overhead,

auralization models only consider a very small number of ground reflections per path, and often only
one&%?* The current generation of aircraft noise auralization models omit surface reflections and edge
diffractions, although this will change in the foreseeable fatédreomparison between

measurements of four aircraft flyovers and a synthesized aircraft flyover showed that interference
effects were virtually absent in the measured®atafact, compared to the measurements, the
numerical results overestimated the impact of interference. For this reason, theceelefvahase

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. Hemvéar large distances between a source

and a receiver (>100M)or for sound propagating over features like roof tops, atmospheric refraction
will come into play®. 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 Huytfefihese laws state that aethorder of two fluids with

2NLR recently started a research project on this topic.
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different volumetric mass densities and with different speed of sound gradiamisc, an incident
plane wave will form secondary spherical waves. This will change the direction of the wave front,

indicated bytheangfe. I n Snel |l 6s | aw, thi'® | eads to the

AITO AITO (4.6)
@ @

This means that the direction of the sound frphitchanges as the speed of sound gradient changes in
a different medium. Hence, if the speed of sound gradient of an air layer is knowinettierd of the

sound wave in the corresponding layer can be calculated.

In an ideal normoving or homogenous atmosphere, sound moves with the adiabatic speed of sound.
However, in an atmosphere with wind and temperature fluctuations, the sound raysanbis
proportionally affected by the gradient of wind, sound speed and direction of th&@agconstruct

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 soundispéed

denoteghe ray direction pthe wind speed)+?"28

© o oftoép (4.7)

Consequemny, the direction of the wave front becomes subject only to the speed of sound. When

o

applying this to r ay#)ispraportionaytdtbe refrictve igdexliof ). di r ect i

Qs - (4.8)

This means that the normal of the wave frant) (only depends on the refraction index and is

inversely proportional to the effective speed of sdund

Q . Q . (4.9)

— n — n n ptn n—

ol bt t o "3 ptnt
A rayos change i n iikidefired ly the gradiant df the speedcof sbuachimat h
layer’. For a simplified atmosphere formed by a fluid moving at the same speed and with the
volumetric mass density, a linear speed of sound prdfite can be formulated by the following

equation:

Od O p D& (4.10)

60



In the equationo Tt refers to the@und velocity on the ground) to the speed of sound at the ground

surface (340m/s under normal conditions) arid the height. The factabindicates the direction of
the curvature i— 76 , with positive values for downwind and negative valisesipwind (using

m/s) which depend on the wind sp&&d However, as temperature and wind velocities change
together with the height, the effective speed of sound also changes acgoftigcomputes 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 bout&glomon¥ described the relationship between
the heightx and the effective speed of sound as follows:

S (4.11)

o a4 o o= p
a

In the equation he factord is the roughness constant, which depends on the ground surface.

In wavebased numerical methods, various solutions have been developed to deal with refraction and
moving mediums. Examples of these #re PE (parabolic equation), FFP (fast field program) and
CNPE (CrankNicolson parabolic equation) methddé The methods yield accurate results but

usually perform the calculations in a telomensional plané. As a raytracing model is used in this

research, the chapter will not discuss these methods in depth.

'max

)

height (m

distén;:e (h)
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)

61



height (m)

distance (m)

Figure 24 Linear speed of sound gradient and refracting rays for a strong downward refracting wavé.

In ray-tracingbased acoustic numerical methods, refraction can be simligtattributing a

curvature to a path, based on a (series of) linear gradféni{isjs 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, thedateature 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 eans that the rays bend like circular arcs. For moderate downward refraction, only
the curvature of the direct path and the ground reflection are of intereBigeee23). 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 byadeurth
equatior®*° (seeFigure24). Without going into great detail, the equations show that the speed of
sound gradient determind® direction of the sound wave in a AFmomogenous atmosphere. While a
single gradient assumes a linear gradient for the whole atmosphere, more sophisticated methods

divide the atmosphere into differenw | ayers, and

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. AtterSatenginstrate
the relationship between the speed of sobmd, wind speed ® and temperatert ® at heighto

as followsg®:

- ~_ 0D CX®L (412)
wbd WM ———— 0D
¢ X$u

Heuristic urban eoustic models deal with refraction in various ways. Some methods, such as ISO
96132, do not specify further standards for the calculation of refratislowever, numerical
methods such as Nord2000 addrmonoise 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 appadaioeped 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, withsamilar 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 proffle

Both methods use a similar approximation for the vertical sound speed gradieronsisting of a

logarithmic (A) and linear part (B) and explained by the following equafions

ba vag p o4 bn (4.13)
5 ()a(x (4.14)
aEg P
’g(‘) pBIQU (4.15)
Qo ¢ xpu

In A, 6 refers to the wind speed component in the propagation directioi asithe roughness factor

of the surface. B depends on temperaf gssuming a linear increase of temperature by height.
Consequently, a linear approximatiaxis calculated for the whole path between source and

receive?Z 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 \es the ground surfat®eFor calculating refraction, the

Nord2000 model is viewed as more accurate than the Harmonoise féthod

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
curvatureof t he propagati on “sadeuatioss7,8am 8)dThismearStha | | 6 s
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
aurdization model must recalculate the paths and curvature in split seconds, the process requires a
relatively fast algorithm to solve thiResearch showed that the results computed by refracting rays

are not always different from straight rays. If the iecilt angl e at the receivero
than 15 degrees, the numerical results of curved and straight propagation paths are similar or

sometimes even identiéalHowever, 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 atmospheilighva downwind

refracting linear speed of sound gradient of 0.15(adapted fron").

The solutions for refraction in rayacing methods also cause problems which are not an issue with
wavebased models. The first issue is caustics, which are concentrations of rays, or places where the
distance between the rays seemsatoish when rays cross paths Consequently, the algorithm

predicts an infinite sound pressure at the posticthe receiver, which is not realistic. Caustics are
visible inFigure25around 5.4 and 9.2 km. To deal with caustics, different solutions have been
developed for auralization and heuristic models (for examples see these*sfudiae second

problem is the saalled shadow zones, which are areas in which no rays can reach a te€eiMeis

only happens for upwind refraction, and a model based otraeiyng will be unhle to compute the

sound level at positions within such areas. As for caustics, there are alternative stiwt@mneact the
ray-tracing algorithm, and to estimate the sound level for positions in the areas. However, if no
solution is implemented in a rdel, 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 andtidifft&t

4.4. Predicting aircraft noise around buildings

The current generation of aircraft noise mapping and autializenodels 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 model s6é unsui't
approaches. Donavdipu bl i shed one of the firsscalesnbdeldi es on
experiment, a lowWlying 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 1dB More recently, some studies hdweusedon the effects of low

flyi ng military aircraft* and helicopters, and others have measured the sound exposure around

buildings directly or almost directly underneath flight p&thEhese studies reported similar effeto

those found in Donavonbs study.
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Ismail and Oldhant 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#nsurfaces 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 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.

Haoand Kand’ developed a similar approach but simulated an aircraft flyovecginarically

radiatingline source, using a commerciatsilation package (Cadna). Hao and K&ngried 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 40qfi122m) and the maximum horizontal distance between the source

and the first row of buildings was 1000m. The sttmbusedon the sound levels between the

buildings for three frequencies (630Hz, 1600Hz and 3150Hz). The results showed that urban form has
asignificant effect on the sound levels on street level. As in the study by Ismail and Oldham, Hoa and
Kang assumed a naefracting atmosphere, i.e. straight propagation paths.

45. Model validation and measurements

The suitability of aracoustic numerical med depends on the context and the objectives of a study or
project. To establisthe 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 result¥* 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 cateoteghin-situ
measurement$?. This approach provides the most realistic impression of the sound fields in urban
areas. However, a clear downside is thetinaddack of control over the experiment and any

unforeseen or nelinear 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 mod&Ighe third approach is to compare the results from a
model with those from other falady validated) modeté.

4.5.1. Urban acoustic models

Generally speaking, heuristic and weha@sed models are validated in very similar wadf$: To
determine the deviation between measurements and numerical prediften 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 againsb(grd) surfaces are omitted. However, it is also common to
calculate the excess noise attenuation with respect to a baseline $éenéti® reverberation time in

street canyorts When itcomesod et er mi ni ng whet her a model 6s fit
existing literature does not indicate a standardizedhbié®r limit, although a mean deviation of

<3dB seems widely acceptéd However, this limit is not set in stone, as in a study using a coupled
wavebased PE and FDTD model, the maximum differences betweesureezents and calculations
were&5dB for particular freqeunci&s Still, the model is seen as accurate, because the results of the
model and the measurements wermparable for most situations, and differences were usually
substantially lower than 5d8 The error between models and measurements increases for more
complexurban 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 waased PE model, incidental errors exceeded >160B
particular scenarid$ 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 (lowj%ainerror rate
increases for more complex forms, e.g. hills or slopes, with incidental errors up*foHdwever, 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 medeteened acceptabté In

general, literature shows that the Nord2000 and Harmonoise methods are more prevalent and accurate
than 1ISO 9612, especially when the atmosphere is-homogenous'®*® There were similar

findings for numerical models benchmarked againsitin measurements. For instance, in a scenario
with sound propagatg in an upwind turbulent and refracting atmosphere above a flat field, the
maximum deviation between a walsased FFP model and measurementsa#d8>*. These

results are similar for acoustic models that are not irrevocably-based or heuristic. For example,

the results of measurements carried out in an ancient Greek theatre deviated with a maxé@@dBn of
compard to a hybrid numerical modél 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@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 validatiaf 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 tefirtesen
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 dnffutiliyne
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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
measurengts 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 inptita 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 positfdhe receiver or the source. Hence, models are either
compared to results from wirtdnnel tests or measuredsiiu*?* For example, a validation study by

Arntzen and Simor$showed that the results of their auralization model were similar to

measurements |In the study, the modeLmaalues ile.sheexpr es s e
difference between measurements and simulations. Based on the comparison of four flights{all B747

400 with the same engine), the peak |l evels devia
maxi mum di ffer ence ffareanced wedeByb&antially Hugew nsgecific d

positions on the time axis around the position oflthex The study showed differences of up to

10dB which were attributed to atmospheric turbulence and wind gusts scattering the sound waves

along the popagation patf.

4.6. Summary

9 Urban acoustic simulation models can be divided in three categories: 1) heuristic (or
engineering) moels, 2) wavebased (or physics) models and 3) hybrid models.

1 Wavebased 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.

1 In heurigic models, engineering methods, such astraging and image source algorithms,
are commonly used to determine which propagation path(s) between a source and receiver are
mostrelevant. To a lesser extent, this also applies for hybrid, aircraft noigengamd
(aircraft) auralization models.

9 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 andnefmracting atmospherés discused in chapter 2,
atmospheric effects gain importance for the prediction of sound if a sound source is
positioned in the atmospheric boundary layer.

1 In heuristic models, atmospheric refraction is simulated by adding a curvature to (a)
propagation path(sYhe curvature can be a compositevafiousdirectional 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 acoathtal to simulate

67



atmospheric refraction. Literature shows that the first method is used in aircraft auralization
models, which increases the accuracy of the calculations. The curvature is bdsed on
relevantmeteorologicatonditionsperlayer.

9 (Heuristic) urban acoustimodels 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 he prediction of aircraft noise around buildings in a (heuristic) urban acoustic
simulation model. This question is studied and discussed in chapter 6.

9 Acoustic simulation models are validated in many wgsed on the literature review it can
be concluegdthat there are no formal guidelines or criteria on which basis models are rejected
or acceptedHowever literatures uggest t hat a model is 6accept
discrepancy between a model and a benchmark case is <5dB, while an average dyscrepanc
<3dB is considered as an indication of a good model fit. However, even when the overall
model fit is goodmodeldiscrepaniesexceethg 10dB for specific frequencies or cases
not uncommonThis 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 capacitpwifdings during
take-offs®

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 relabn 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 imeaexposed and shielded sides of

buildings exposed to aircraft noise. The results of 168 t¢éfiseat three locations were analysed, all at
least 200m away from the mean ground track of the flight path. The mean noise reduction around
buildings €4 aeq varied between 13dB(A) and 2dB(A). The mean maximum exposure leéxgls (

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 shorauratien of exposure.

The study found a significant ndimear correlation between the source position and noise reduction
around buildings, even though the majority of the varianed_ja,remained unexplained. The results

indicate that the design ofhan areas around airports can reduce excessive noise exposure.

5.2. Introduction

Aircraft noise causes stresslated complaints and has a negative impact on thebell of

residents living close to airpotts To protect people from excessive noise exposure, noise contours
are a commonly usepolicy instrument, which restrict and regulate the expansion of urban areas
where the noise levels exceed the legal threshdlishin the EU, contours are calculated on the
basis of the Euroa Noise Directive (END), which maintains that noise levels are based on the
weighed equivalent sound levelsid, andLnign) ¥ °. However, sound exposure does not automatically
lead to annoyance, but rather is the consequence of reciprocal processes between exposure, context
and respong¥. Since the 1960s, cresisciplinary research hdscusedon the relationships between
annoyance, noise levels and perception of (aircraft) noise (s€é%%. As with other sound

sources, literature shows that the level of annoyance dvmkaircraft noise largely depends on nion
acoustic factors and context specific conditions (se€®1g*19. For example, the average noise
level (Laeg), Often the bedrock metric in noise policies, predicts less than a third of the variance
between indivi du"&1 Basorsdike the duiatiorc of exposure gtHe focation of the

receiver, the maximum exposure leMel{.) and the number of flyovers correlate more strongly with

3 This chapter is cauthored by Dr Maarten Hornikx (second author), Jiang<ghird author) and Koen
Steemers (fourth author), see appendix B for more information.
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the level of aircraft noise annoyance thanlthg. The location (outside versus inside and the

activities undertaken by respondents were found to be the best indicators for the levetterishort
annoyanceéevels during an aircraft flyovérWith regards to the acoustic metrics, peak exposure
levels Camay above 55dB(A), andspecially above 65dB(A), are better predictors for the level of

annoyance than the equivalent sound exposure levels.

shadow zone a1 =
shadow zone a2

source position - - - propagation path from an overhead source
o  receiver position propagation path in case of refraction

- - - propagation path from an overhead source
—— propagation path for a source near the ground

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 annoyaneeducing effects of quiet building sides show the importance of context

for the level of noise annoyance. For road traffic noise, & fuitding side is defined as a facade

without a direct line of sight to the noise souncedS from now on), where thexeqis <45dB(A), or

where the relative difference with the exposed fachgg) (s >10dB(A}¥ %, 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’2339. Roof shape, (green) cladding, urban density and
building dimensions scattatiffract or absorb sound, as the sound energy decays due to reflections
and diffraction over ridges and protrusiéh$. Since the noisreducing 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 aove, limiting the sound abatement by building edgesRapee26) (see e.g>>".

Furthermore, the direction from which the source emits nmisgmbination with refraction, changes

the angle of incidence of the sound waves as they hit a buffdfhhdhis can negate or greatly reduce

the noise abating potential of buildings and tall barriers Fapere260b)*2%4! Forbuildings close to

the ground track of a flight path, buildings and streets scarcely attenuate any aircraft noise, which
means that the sound level ndaOS (direct line of sightandnLOS facades are almost

equivallent?*%. Moreover, reflections between buildings can amplify the sound levell (g

levels) within streets with buildings on both sitféé This is different ér 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 (altitule: 108200ft) found differences up to 4.6dB between the individual locafiofisis
suggests that urban and architectural shape may reduce aircraft noise in such areas. But, because the
studyfocusedon the urban mesoscale, the variations in noise levels around individual buildings were
not reported. The results are not backed lepsarements or followp 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 chapterpresents the results of an exploratory measurement study, in which the sound levels

recorded nearexposedandvx posed buil ding sides were compare
knowledge, no similar study for urban areas at a substantiabhtal 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

(4123m)®. This study had two objectives:

1. To examine if sound pressure levels vary around buildings exposed to aircraft noise, and to
what extentthisyel ds a oO6quietd 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.

Thechaptewill introduce the research methodology and case daahtions first. The second part of
the paper presents the results and compares them with the results for other soundi$eupeger

closes with the conclusions.

5.3. Materials and methods

5.3.1. Site description

Acoustic data was recorded at three sites expioseee noise from flights departing from Schiphol
Amsterdam Airport 6 Figke27 Qrdyaatanfrom takeffs avgs arfalysed as

aircraft produce more noise distributed over a wider spectrum during departures compared to
landing€“%. Measurements were carried out during the summer of 20tt6pme or more

measurement days per site. Meteorological data such as the hourly temperature, wind speed and wind
direction was assigned to the acoustic recordingsy8e2.4. Microphones were placed in front of

and behind a single building with two or three buildings per séeRigure27). 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)

76



A3

A5

A4

Bl

B2

B3

B4
B5

B6

C5

c4

C3 c2

C1

Figure 28 Aerial photographs of the case study locations, including the positions of the microphones (numbers) and
the sections(d a 6 ) as Hghre2v.mMheipairs of miacophones per location are the microphone pairs: AJA2,
Al1-A3, A4-A5; B1-B2, B3-B4, B5B6, C1-C2, C4C3, C4C5
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5.3.2. Acoustic instrumentation and processing
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Figure 29 Signal processing in four steps: 1) isolating individual aircraft flpvers, 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 procssing

Sound was recorded by using six calibrated microphones (B&K type 44®8l) 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 \aaegbn 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 frommettwo 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 resodifitibe 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

OASPLgraph for thedLOS 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 présselrasing to a peak level, followed by

a gradual decay of the sound (sg@gure29Frame ). Aircraft flyovers can be divided in thrghases:

the moment the OASPL starts to increaggytthe maximum OASPLLGmay, and the moment the
OASPL returns to the initial sound level{. Literature often refers to ISO 20906 for aircraft flyover
recognition. The ISO directive states thatdft flyovers are recognized as such wherLithexlevel
exceeds the normalized OASPL by more than 10dB¢A)In this study, the ISO 20906 standard was
not followed for two reasons. iBily, the difference betwednmaxlevels 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 te&d ttestf

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 sgleotd tnqafor each aircraft

flyover (Figure29 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
sud sources. A MATLAB code was written to cut the aircraft flyover from the-settausing thesd

and tnqtags Figure29 Frame 2). The aircraftyfbvers were saved as separate files labelled with t

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 dismissesebeca

other noise sources were audible in the sound file.

5.3.2.3. Ambient sound levels

Table 2 Laeqduring 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 Microphore 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 ofthe sound pressure levgber microphone (FFT resolution: 1
second)for the 63Hz, 125Hz and 500Hz 1F®OB. 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.The grey dotted line shows the lowest average, with the grey solid line showing the lowest
threshold (excluding outliers) for Lmax values per 1/30B as recorded for each site (segigure 37). Outliers accounted
for less than 05% 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(lexgl 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.

Table2 shows the OASPL values per microphone as recorded during the intervals between aircraft
flyovers cut from the dat&dditionally, Figure30 shows the distioution of the sound pressure level

(per second) for the 63Hz, 125Hz and 500HzQR The values in the table are the average sound
levels of the data per location combined fromltiple 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 (seB.3.2.9. 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.Gt8enicrophones 8

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 seiguia31l, the sound level is

higher for microphones Al and B1 due to short peaks caused by car traffic and-pps$aesgraph

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@ger
microphones. For the files containing aircraft flyovers, the microphones Al, B1 and C1 were
controlled for car traffic and passérg. Since the aeqlevels gave noeason 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 dayper location. 'Refers 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 Hourly wind Number of | Temperature Humidity Air pressure range
speed range direction (range) flights range range (day (day average) (hPa)

(day average) average) (%)
)

Al 71 9m/s 240260 67 /53" 18.27 18.5 7671 82 1009.3i 1018.9

B! 971 10 m/s 230° 18/18" 17.01 19.2 70- 84 1008.0i 1020.2

B® 91 10 m/s 23C¢° 21/ 217 17.01 19.2 70-84 1008.0i 1020.2

ct 61 7mis 220230° 32 /317 18.31 21.8 781 83 1010.91 1021.9

c? 617 m/s 22¢° 30'/19" 18.31 21.8 7871 83 1010.91 1021.9

After separating aircraft flyover from the overall sound data, the individual files were matched and
combined with meteorological and gpositional (ADSB) data. ADSB was provided by the
Netherlands Air Traffic Control (LVN)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 disegtion (
Figure27 andFigure29Frame 3. Subsequently, these groups were further divided into subgroup

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 wintf*”. As measurementsok 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) “8, who operate a weather mast at the airport. Tihel wiast is positioned 10 meters above

the ground, and the temperature sensor 1.5 metres above the ground. Werelzdaed on the

average values per hour and matched with the time tags added to the souhabdieBshows the
meteorological data and the number of flights for each location measured under similar
meteorological conditions. The table shows that the variance in temperature, hunudity @ressure

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 oiwlffsake

from one runway and in one direction weralysed. 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 (se€Table3).
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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 stgegeral trends across the flights. The mean

was calculated by identifying the time position of thgaxfor each flight (se&igure29 Frame 4).

Becawse the duration of aircraft flyovers varied, the research team decided to align.dttene

positions of the flights within the groups aslable3. The combined acoustic data of all aircraft

flyovers radiates out from this centtalmaxposition, as seen ifigure29 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 timeamaxi’ t, representing the distribution of data aroundlikig is defined by a

smaller number of flights wherincreases. Therefey the time window of 60 seconds around the
Lamaxwas analyse@seeFigure29).

(5.1)

Equation 1 presents the aggregation protocol, in whicho refers to the Aveighted sound level

for a flighti for a momentt] in seconds at the time interval between the minimum and maximum
position for the range of all aggregated flights combied. 0 refers to the aggregatedweighted
sound pressure level for mometjtifi seconds at the time interval between the mininamd

maximum extremes of the aggregated data. Frorm theo different flight paths can be derived, e.qg.
g0 andgd O.

5.3.3.2. Maximum noise levels around buildings

The distribution oL amaxvalues was studied for each microphone, in terms of theRRARd the

Lmax for three 1/2octave 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 analy&isusedon the differene between the averagewteighted sound

levels during a flight event e per microphoneThe Laeqis calculated with the following equation:

0 (5.2)
0 pr‘lé“Qg pTT QO
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The time lengtlt refers to the duration of a flyover in seconds (typically aroun@®8econds) and

0 0 tothe Aweighted sound level over 1 second. Per flight event, the sound exposure levels for the

pairwisedLOS andnLOS microphones were subtracted according theviing equation:

v

Yo 0 0 (53)

Here, the difference between pairs of exposi®E) and norexposedfLOS) microphones were
studied. A pair was formed of two microphones that correspond to the same buildiRg(se2?7).

As theqlaeqis independent from the source power level, results from individual flights are
comparable and general trends could be studied. Like faligtréoution ofLamaxvalues, results per

pair (i.e. per building) were plotted in whisker boxplots. The distribution of the results was analysed
according to the deliag>lD dBi Fomhéanfa mgdia@ndlyses,igtd e s, i

was studied per location and flight direction éarch of the groups, asTiable3.

5.3.3.4. Relationship between source position and noise reduction

Top view Section A-A’
microphone ) microphone source
phone O ) phone O & il
\ 7
\ s !
\ 1
\ I
\\ :
\ e s !
VB L 1
3 < \'z}é}’/ !
____slantside ® S |
° -\ slantangle ‘
A SN \slantangle 11.5m
T 3 1 |
\/ \

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 pet of the analysi$ocusedon the relationship between the angle of incidence and the sound
reduction ¢{d_aeq by buildings. Instead of using the aggregated data and the mean sound pressure
level, thegdaeqwas calculated for each position (in time) forleaacraft 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 locafioguieSs2.

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 thgsamalas 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 hgtit 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 regressi@ean@le 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 analysesenarried out for straight and curved flight paths, direction 3 for

location B and direction 1 for location C respectivelggFigure27).

5.4. Results

5.4.1. Time variance and spectrum

54.1.1. Spectrum
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Figure 33 Spectrograms and OASPL for location A (B738 aircraft, flight direction 3), B (B77L aircraft, flight
direction 2) and C (B738 aircratft, flight direction 1).

Figure33 shows three spectrograms and OASPL graphs for three representative ga@SolLOS
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 tié®level. Tonal shifts

(Doppler effects) are visible for microphonelfand B5 but are almost unnoticeable in the
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spectrograms for microphones2éand B6, as Doppler predominantly distorts higher tones. The

graph also illustrate the presence of pggisn effects, such as 1) turbulent spectral broadening, and

2) effects of turbulence and wirglists®*°. The first refersd tonal sound energy distributed to

surrounding frequencies during propagation. This is visible as the horizontal bands or brushes in the
spectrograms of théLOS microphones (A, B-5, G-1). The second are local and sudden variations

of the sound energwttributed to turbulence and wiglists, 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 antl®S posiions (see the blue lines in the
OASPL figures).
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5.4.1.2. Time variance (straight aircraft flyovers)
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Figure 34 Laso for straight flight paths (following direction 2 in Figure 27Figure ) from the aggregated data for each
location. Results for 60s window around thé amax are given, plotted per 1s.
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Figure 35Mean geo coordinates and altitudes for saight and curved flight path combined. The figures correspond
to the Laso levels inFigure 34 and Figure 36. Results for 60s window around thé.amax are given, results are plotted

per 3 seconds.

Figure34 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
secondsaround thd.amaxpositions. Results for the OASPL and the 63Hz, 125Hz and 250Hz 1/3
octave bands are given in both figureskFigure34, the differece betweemLOS andnLOS
microphones is clearly visible in the OASPL graphs. However, in the graphs geBl{8is
difference is only noticeable for all three frequencies at location ALAfagraphs for the 500Hz 1/3
OB and OASPL follow a similar trehdue to the Aveighting. Like the spectrogranfsigure33
confirms that, except for location A, buildings mainly reduce sound energy for higheericées
However,caution should be observedrespect tahe interpretation athe resultsasfor location B

and Cthe sound level of the aircraft flyovers is close toghdient sound levéseeFigure30).
Although the peak levels are clearly higher than the ambient sound level¥(8-@Bs that were
analysedthe background noise migfgartly) maskhe sound signal of the aircraft flyovers
Essentially, this means thidte duration of th flyover that can be measuriedshorter for location B
and C than for location Avhich affects th&aeqgraphs for location Grigure33 also shows a clear
contrast between the results for th€S microphone A and microphones-& and A3. The sound
level at microphone 8 rises in a similar way as microphoned Aand A4 during the first 20
secondsbut drops between 20 and 30 seconds, before continuing at the same level as tii€&her
microphones after 30 seconds. This is likely caused by the shape of the building that stands in
between microphone-A and A5. Figure27 andFigure28 show the Eshape of the building and the
different heights for the facade facing towards micropho##eahd the facades near microphoné A
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 awayrfithe location, microphone-5.is
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shielded by the taller facade closest to the micropheigare34-b shows a similar effect of the built

up contextaround microphone 8. While the graph follows the trend of the otde©S microphones

B-1 and B5, the sound decays faster at microphori dhiring the last stage of the aircraft flyovers.
Because the sides of the building provide shielding, the souokiimgethe microphone is diffracted

and scattered by the flanks of the building. Consequently, the sound recorded by micro8hone B

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)
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Figure 36 Laso for turning flight paths (following direction 2 in Figure 27) from the aggregated data for each location.

Results for 60 seconds window around theamax are given, plotted per 1 second.

Figure36 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 tothe eastFigure36-b indicates that this is not the case for location C. Based on the geo
coordinates showhRigure 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 theisd energy emitted towards the location. When aircraft

turn towards direction 1, the curve is smoother and less abrupt, and the aircraft wsligily turn

their wings anangines|In other words, the aircraft will radiate the sound in a directiorpeoable to

that of a straight flight path. However, the figure shows that the side of a building diitdSaand

nLOS reverse once the aircraft flies by. As for straight flight pa&tigsire 36 shows that buildings

reduce aircraft noise more effectively for frequencies above 500Hz.

5.4.2. Maximum noise levels around buildings
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Figure 37 Tukey boxplots showing the distribution ofLamax 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.

Figure37 shows the distribution of the maximum sound levels.{) per microphone for the OASPL
and for the 63Hz, 125Hz and 500Hz -bi&ave bandgrigure37-a shows that the me&nmaxlevels of
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microphones Al, A-4, B-1, B-3 and B5 all exceeded 65 dB(A) (allLOS positions). The figure also
shows that none of the mebrnaxvalues for any of tanLOS microphones was above 65 dB(A),
except for microphone A. For a straight flight path, most of the méanaxlevels fornLOS

positions were below 60 dB(A), especially for location C.
5.4.3. Average noise reduction by buildings
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Figure 38 Tukey boxplots showing the distribution ofadaeqlevels 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.

Figure38 shows the distribution of the average noise reductias) around the buildings concerned. The
figure sftows thatthe mean noise reductiagluringan 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, A-2 and A3 microphoneskigure38b-d illustrates that buildings

reduce aircraft noise for all the 1é68tave bands concernedowever, the difference in noise

91



reduction for exposed versus rexposed 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 parAl-A2 and AXA3, the noise reduction by the building in between paiA®dis
lower, especially for 1f&ctave bands >125Hz. In additidfigure38b shows that, for 63Hz, the

noise reduction between the microphon8sH3 is less than for the other buildings at location B.
Comparing the sound levels as recorded by the microphones B1,B3atie Bevels are lower for
microphone B3 than the other twithis results in different degrees of noise reduction as measured
around the three buildings at location B (Begure37-b), although this effect is ainly visible for the

63Hz 1/30B. This difference can be attributed to the directivity profile of aircraft neisthe lower
frequencies aremitted behind the engiaeBased on the directivityectorof aircraft noise, this

results inconicaly shapé profile. This means that the@aves containing the lower frequencies

reaches microphone B3 from aside, with the flanks of the buikthirejding the microphone from

direct exposureThisnegates the differences between microphones B3 andtBasfor the 63Hz
1/3-OB. Another observation is the relatively large distribution of datahferpair of microphoneG-

4- C-5in Figure38-b. Likely, the data in this figure is contaminated by flyovers turmintipe west
especially whem preceding aircraft is relatively louat close As lower frequencieare less sensitive

to atmospheric absorptioand distributed in a conical shape behind the aircraft, the rurhbhe
enginedollows last. However, as the flight peaks ws@atedand cut from the datset based on the

A-weightedsound pressure leyél h i s ot ckarly visiblé is the graphs

In generalFigure38 shows that the noise reductigielded by buildings is larger for location A than
B,andespei al | y C . bavtierankdelyivastasheoretical basis to explain this difference

through theFresnel numbed , which is described by the following equation:

i

¢ (5.9

With thepath length between a source and receiver via a Baraed the wave length. The Fresnel
numbergets smaller for greater path lengths, or smaller wave lengttish results in a smalleoise
reduction around the barriefhe propagation path between the aircraft and the builisrgygater for
location C than for location A and Bence the buildings providess shieldingThe equation also

explains the differenshetweerfFigure38b-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 thefirstor der pol ynomi al regression analysigaayith t
and the i ndepende n(, bothindicatedras thesdctarm il anal h2gResulis are given per pair of
microphones (sed-igure 28) and for aircraft flyovers in direction 2 (seeFigure 27).

Model fit Pairs of microphones

Al-2 A1-3 A 4-5 B 1-2 B34 B 56 C12 C43 C45
Constant -6.508 -6.316 3.723 1.792 -5.679 -7.176 7.994 4.756 7.025
bl 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
R? .231 .244 .030 .289 .293 .205 .056 .062 .068
p <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001

a) microphones A1-A2 b) microphones B1-B2 ¢) microphones C3-C4
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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 irifable 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 directhderneath 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-egposed 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 dimear 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 littleexft 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 naimnuating effect of buildings.

Table4 shows the results for the first order polynomial regression analyses per pair of microphones.
The independent var inedhbythe factols Blrahd b2, mhptedi®thé s r epr es
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 interpiteor 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 aricdjpbed.

shows that for all the locations, there was a significantlime@r (quadratic) relationship between the
noise reduction and slant angle. However, the predictive power of the slant angle (as a variable) varies
between buidings 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 micropheA2saAdl A1A3 or

B3-B4 and B5B6, yielded comparable results. This indicates that buildingeshad surface

impedance are important for the noise level around a building. The difference between the buildings
at location A and the buildings in between microphonef8B&and B5B6 would confirm this

observation. Variations between the buildings vetuelied by means of scatter plotdHigure39.

Figure39a andFigure39d also clearly show the difference between the two buildings at location A.
The contrast between them is attributed to #gation 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 Hgrizontal
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 kbwer or the higher part of the building, which is
manifested in the noise reduction measured. For locatiéigBre39 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 teshape of the first building and to

the impedance of the pasture that surrounds microphonei@#e39 shows that the optimum angle

that results irmaximum noise reduction varies between different locations and buildings. For location
A, the optimum angle is between®28hd 30, while Figure39 siggests that this value is >%4for

location B.
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54.4.2.

Table5Resul ts of

independent

Turning aircraft flyovers

the curvilinear regression

aybaay)land she s
f a ¢)tResults are givamper pair ofgnicrephonés (sééigure 28) and for aircraft

wi t h

flyovers turning towards direction 1 near location C, and direction 3 above location B (sé&gure 27Figure ).

Model fit Pairs of microphones

B 12 B34 B 56 Cc12 C43 C45
Constant -1.181 -8.847 -.333 -13.836 -17.968 10.816
b1l .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
R? .092 171 .069 129 .061 .076
p <.001 <.001 <.001 <.001 <.001 <.001

a) microphones B1-B2 b) microphones B3-B4 ¢) microphones B5-B6

20

z < s
o [a8) [aa]
= g, z
Az £ ) 2‘& .
< = 46 -10
-15
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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 irifable 5. Two buildings are plotted per location.

Table5 andFigure40 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. When aircrafturn near location B, theLOS andnLOS 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

Figure35). 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 beencdamplete

the aircraft resume(s) a straight path.

Geo coordinates of flights (per 3 seconds)
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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. Fgerlangleskigure40d-f show that the
difference betweedLOS andnLOS positions can be either negative or positive. While most of the
results indicag positive noise reduction for the buildings surrounded by the microphor€8 @dd

C3-C4, for a small number of flights these results are almost identically negative. This can be
explained byFigure41, which shows that a few flights complete the turn and then inde38 and

nLOS positions equallyFigure41 also explains why most results are negativeigure40f, as

aircraft will be loudesbnce closest to the microphones, which is when an aircraft is (at least) halfway

through the turn.

To concludeTable4, Table5, Figure39 andFigure40 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 variasceh as wind and temperature variations in the

atmosphere, around the source and near the buildings.

5.5. Discussion and conclusidns

In thischapter the results of a series of&itu measurements studying the reduction of aircraft noise

by buildings wergresentedThe research objectives were:

1. To examine if sound pressure levels vary around buildings exposed to aircraft noise, and to
what extent this yields a é6quietd building si
2. To examine if the position of the sound source and the slant anglet pheditifference 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 aof sighttdtOSa@ndilLOSoréspeativefy). i g ht
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 andnLOS facades is greater when the source is closer to the receiver. Hirgan

relationship between the position of the aircraft (slant angle) and noise reduction suggest that the
noise reduction peaks when the slant angle i$ 2@ decreases when the Enlgecomes 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, he results show that timise reduction is greater for tall buildings, and thahaped

buildings (e.g. with flanks or bays) shorten the duration of exposure.

Secondly, when comparing the studyobs results wi

reduction was wekhbove >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 anotbteog8qas 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 effeetly 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.f recorded abLOS 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 nedimear relationship betwedhe 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 digtgnam the flight track, the predictive

p

power was | ower (<10%) . The model fit is influen

result in different levels of noise reduction for the same slant angle. The best example of this is the
building in betwen the microphones A4 and A5. The results for turning aircraft show a weaker
relationship between source position and noise reduction, partly because the exposeeeapdsash
position can inverse during or after the aircraft turn. Further researcadedto 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 anetésngnoise data around buildings,

combined with meteorological and ADSRta (see e.g?). 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 fottemsige follow

up research.
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6. A method for the numerical prediction of aircraft noise dispersion
aroundbuildings for an inhomogeneous atmosphere

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-tddiityh

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 ticeadii 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 eacbther. In a second experiment, the method was compared with aggregated
measurements for three urban sites located near a runway. Diffezedtafpsound gradients

representing a refracting atmosphere were compared. The results show that simulations are both
closer to the measurements for linear gradients between >0.80430.00105and also limit the

risk that the sound reduction is ovetimated. 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 aiports, 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 inrerarflight paths?. The calculations

are turned into noise maps, which are used to impose building restrictions in areas where noise levels

are deemed thigh. Aircraft noise predicting models, such as INM, ABBTd doc.29, predict the

average sound level per area based on heulistit The average sound level is the summation of the

noise footprint of individual flights. To balance between calculation speed andhacgur, t he model
resolution, i.e. the distance between grid points, is relativelyla@gmsequently, only ground

reflections and terrain irregularities are included, while buildings and cities are éritted

5 The ambition is to submit this chapter as a journal artiichdoise 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 pati¥s

Figure42 shows the predicted noiseee¥ s near one of Amsterdam Airpor
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. Hoaver,

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 inFigure4?2’.

More recently, various studies pointed out the influence of buildings and urban form on the
propagation of aircraft noise, although the effects vary between loc&tidror areas which are
directly or almost underneath flight paths, buildings barely reduce aircraff Hois8ut, buildings at

a greater horizontal distance from a flight track, e.g. the villagégwre42, may offer a noise

abating effec¢t'®. For instance, a study in Frankfurt found that during an aircraft flyover, sound levels
were clearly higher or lower dependiog the building sidé®. A comptational study showed that, on
an urban mesoscale, the sound exposure levels between buildings vary between urban t}pologies
This means that theesign 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, skagace 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. Numericaodels 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 retatarcraft noise.
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Aircraft noise predicting models are either used for noise mapping or aurafiZatior noise

mapping, the average noise levels are based on the summation of noise exposure level$p¥r flight
Aircraft noise auralization models assume a flight path as a sequence of source pogitoesich

position, the propagation path(s) between the source and the receiver is calculated and used to adjust
or synthesize the sound sighaDuring takeoffs 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 isansidered 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 inanearsles.tb include

these effects in auralization models, Arntzen and Sirhbtdeveloped a method to correct the
propagation path for weather effects. They showed that refraction becomes important when the angle
of incidence is greater than 1. Despite the fidelity of auralization models, the models only include

ground reflections, while edge diffracti@nd reflections between walls are negleéted

On the contrary, wallseflections and edge diffraction are traditionally studied in urban acoustic
models for road or rail traffit®. Depending on the scale and objectives, a range of models are
available, which vary in accuracy and calculation sfgédAlthough some models include aircraft

noise simulation packages, the models only implement generic noise prediction methods like doc.29
1819 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-ftying aircrat around building$*%. Hoa and Kany
simulated a lowflying aircraft as aylindrically radiating line source and varied the horizontal

distance between the flight path and an urban area. Ismadldhdnt simulated a lowflying

aircraft as a static spherically radiating source while varying the position of the receiver in a street
canyon. Bth studies neglected the impact of atmospheric effects and only considered a maximum
source height of 400f&@23m). This raises the question of to what extent these methods can be used
to simulate the propagation of aircraft noise around buildings foeatey distance between an

aircraft and a receiver.

This chapterevaluates 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 >4G28m}¥.
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The study had the following three objectives:

1. To develop and test an intermediate approach between-#idedjty aircraft auralization and
an urban acoustic numerical model.
2. To define the significance and influenceatinospheric 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 andsitu measurements.

Thechapterstarts witha 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 aeddefbf refraction.

The two experiments are compared with literature in the discussion sd&tt@paper closes with the

findings and conclusions.

6.3. Methodology

6.3.1. Simulating aircraft noise

Traditionally, lowlying aircraft flyovers were simulated as a ephbally radiating lin&or a (single)

point sourcé 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 positiér% Aircraft auralization models allow the receiver to move around, while

the propagation path is recalculated for each individual po$fidm contrast to urban acousti

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 coowlitj usinga raytracing algorithm and only

considering direct paths and ground reflectidhs Ar nt zen and Si monsds met ho
approach to calculate the effects of atmospheric refratlids the air comprises various

inhomogeneous layers with different wind and temperature vartgbfgheir model adjusts the
propagation path based on the refraction level per fayidre combination ofie 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 measurementsv&u that the model overestimates the effects of wave
interferenc&. Heuristic urban acoustic models use a comparable, yet simplifipahach to simulate
atmospheric refraction. Models such as Harmonoise and Nord2000 change either the curvature of the
propagation paths or the ground surface to calculate refrécttdn 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 groifi®®. However, as the models only attribute one linear speed of sound

gradient for the entire atmosphere, the models compute agsiimglar approximation of the
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logarithmic patterr©>? Alternatively, a standardized linear speed of sound gradient can be attributed

to the atmosphere, based on weather classifications

6.3.2. Testing a hybrid method
This study evaluates an intermediate simulation approach betweerctd auralization framework
by Arntzen and Simon¥ and the methods used to simulate aircraft noise around buildings by Ismail
and Oldhamt and Hao and KarligAs in these prgous 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
aircraftflyover 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 tbe 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 $tmarike study by
Arntzen en Simons, comparisons were drawn between the influence of a homogenous and a non
homogenous atmosphere on the sound level attherecéige | ocati on. As urban ac
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
comparedtoAmmgn and Simonsd results. Secondly, as Arni
geometries, the influence of atmospheric refraction on aircraft noise in scenarios containing vertical
walls was analysed. A secondary objective of this study was to defamesible 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 asubstantial distance from a flight path, a second experiment compared the numerical
sound levels around buildings with-gitu measurements. Hence, the study used the same locations
and data as in chapter 5. Measurements carried out at three locatioAmsgadam Airport
Schiphol (AAS from now on) were used as benchmark cases. The study only considered the results of
takeoffs from one runway, all of which were ascending in a straight direction. In the second
experiment, the sound levels around buildingse 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 sphaddatiyg
monopoles with a wideband spectrum over a straight length of 12000 meterss®0600m tow= -
6000m) positioned at intervals of 200 meters, and 500ft (152m) above the ground surface. The source
power level was set at 150dB for all 8tavebands between 50Hz and 10000Hz. The source power

was based on literatfrebut 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 indepemadiné fsound power
level. The position of the receiver was 1.7m above the ground, halfway the flightdrackd, at a

lateral distance of 50m from the ground trackhefaircraft flyover.

top view sectiona-a’

flight track; sources every 200m

w
50m

)
152m

wall

.Tm

3m

o]
S=source r =receiver 1.5m 50

Figure 43 Top view and section of the model saip for experiment 1; sf) and r are positioned ate = Om

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. <1Eedsy In raytracing, 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
conclusia for a situation including vertical obstacles, three identical walls forming an equilateral

triangle (3m high and 15m wide) were placed around the positithe receivemn the simulation

(seeFigure4dd) . The wall sd material was set as o6éhard su

surface were comparable to those in the reference'sfudy. e. O dable@. r oado6 i n

Table 6 Effective flow resistivity of (ground) surface materials in this study.

Material Effective flow resistivity (kPa/mB)
Water 30.000

Hard surfaces 20.000

Dirt, road side 800

Pasture 205

Grass / pasture 205

Earth / soil, sparse grass 100

Forestfloor 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 stuidguseson 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 movedtepwise 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 fligik (@econdly, 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 pdrequency. The insertion loss reported in the references study was also compared
with the results in this study. Results were analysed pesct&e band for frequencies between

63Hz and 1000Hz; these analyses are introduced in more detail in €e8tibn

6.3.4. Simulations compared to measurements

In the second experiment, the results of the numerical calculations were compareesitith in
measurementsience, 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 Al
A2, B3-B4 and C4C5, sed-igure27in chapter 50nly the results for straight flight paths with a time
domain of 60s around the aggregategaxvalues, were used for this study (sb@pter . The

experiment was structuré a similar way to the first experiment, i.e. the stémyusedon the effects

a refracting and a nerefracting atmosphere had on the results. Therefore, three calculation

approaches were compared:

1. No curvature, which was used in previous studie%

2. Path curvature with a (single) linear speed of sound gradients varying betweert Gu)2s
0.010s" with and interval of 0.002s

3. Path curvature based on the Nord200ddup approximation method, with the meteorological

input data described in Table 2 in chapter 5.

As in chapter 5, the relative attenuation around buildidggwas considered, whicHiminates 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 fluctuatgnvhich can result in e.g. spectral broadening and wind
eddies>? Results for each of the curvature gradients were compared to each other and benchmarked

against the results of tlaggregated measurements.

Aircraft flyovers were modelled as st@athonopoles at the mean aircraft positions from the
aggregated data on a time interval of 3s @Egare29in chapter 5). The same source power sgitin
as those for the first experiment were used. The source positions were located with-the3malt
location tool in SketchUp2017

6.3.5. Simulation model

In this study, a commercial model (OTL suite) based on dra&yng and image source algorithm was

used. Engineering models usually implement4823’, which sets the standards to calculate the
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propagation of sound in outdoor environments. In contrast, OTL combinedracag basis with

solving Helmholtz wave equations to calculate the sound propagation. Therefore, the package could
be seen as an intermediate between traditional engineering and (fulpasae acoustic modéls

The model has a higher level of fidelity than F9613, but keepthe calculation time reasonal3i€.

The model considers the propagation paths in a-fliraensional space, which makes thedsl

interesting for aircraft noise, which is more difficult to approach as altmensional 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 publicatiome\aodsresearch.

The basis, formed by a ragacing engin& and imagesource relevant path detectigris combined

with diffractior?>3*and reflectio® coefficients for spherical waves. Surface properties are based on
material impedandg while the model applies empirical standards for atmospheric atten{atioh
turbulencé®?*3” 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 andlinéetion as the

input parametef& The model uses the following equation to calculate the sound pressure level at the

position of the receivef{#=3:

o (6.1)

In this equation refers to the number of sound sourgesefers to number of sound paths arriving at
the receiverf) stands for the power level of the source(s),— describes atmospheric attenuating

due to spherical radiation, akd @ 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 dhalata in

AHN*®and TOP10NL. These databases contain open source GIS data with height and geometrical
information on spaal objects in the Netherlands in DWG forffaGketchUp 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 elementh,asiterrain elevations or cars, were included in

the model. However, as recommended in the literfiismall or permeable structures, such as trees

and street furniture, were omitted to limit computational overhead. For the same reason, building
ornamentsand/i ndows were omitted, and facadeTablwer e mad
6). For the ground surfaces, the materials were based on siteatlmses 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 testsTable6 shows the values for the effective flow resistivity of the materials used in the
study, based on literature (s8é9. Building surfaces, asphalt and concrete ground surfaces were
simulated as i f made of ddtbnalgrduhd patahesedassadlas . For

Opastured and oO6earthdé, were added on top of the

6forest flooré6é, O6water6é6 and O6grassoO6 were added

ground positionsf both the flight track and 50m before the first buildings at a location, the material
6agricul tural Tébe6).dd was used (see

6.3.7. Analyses

6.3.7.1.  Refraction and edge diffraction around barriers

500 500 \ 500 500
400 400 \ 400 | 400 |
§3OOA 5300, E3OOA §'3OOA
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© o o ©
= } = ] =} =3
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100 100~ 100 100 |
7‘ : I T T T T
<2} ~ o) 0 <) ) ) w w w w O W o WK K
Relative Temperature Wind direction Wind velocity
humidity (%) (K) (degrees) (m/s)

Figure 44 Weather data as used in the simulationadaptedfrom the reference study®.

Table 7 Scenarios as simulated, refraction is calculated based on the Nord2000-logapproximation 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 experimenftocusedon 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 akthieys 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-parametric KruskalVallis test with Bonferroni

post hoacorrections 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 Figure44) was used to calculate the Nord2000-limgapproximation. 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 (se€able7 for the characteristics of the scenarios). Results were studied by means of the
insertion loss (IL) andleg, and then plotted per position, for 8Bs between 63Hz and 1000HA e

Leqwas calalated based on the following equation:

. Y R (62)
0 pne'Qé— pIT QoY

The time lengttt refers to the time, in this case the total number of positions) arid 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 bencturagkinst the
aggregated results of-situ measurements for takéfs 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 levakskept at 3s, due to the resolution of the ADSB data.

The aggregated mean sound pressure level per position was based on the following equation:

Pg (6.3)
0 CmE "é—h

In whichd refers to the sound level in dB at a position t giveseconds. Thg refers to the

sound pressure level in Pa for a positioandr) refers to theeferencesoundpressure (A0°Pa). In

this study, the results for the mean aggregated paths, i.e. one per location, were used for analysis in
terms of the_maxandLeq TO make both factors independent of source variations, such as the aircraft
type and engine class, the relative difece 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 pattdt.OS side), and the opposite facade facing away from the
flight path gLOS side) (for more details, see chaptefTbixee metrics were analysed: tifiemay (leq

and the time variance ofLeq Here, theyd maxis the maximum sound attenuation around a building
during an aircraft flyover. Theleqis the average souradtenuation between two facades during an

aircraft flyover. Congruence between the calculated and meaglredvalues may hide a skewed
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distribution of energy, resulting in deviating values between measured and calqilatecherefore,
theqlqand tme variance ofqwere used to analyse both the calculated and measured values for
the sound level and the time lapsesRBIits were analysed per d8tave band for frequencies between
63Hz and 1000Hz. Neparametric KurskaWallis and Bonferroni pogtoc 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 figuréresults are given in 1/3octave bands, centre

frequencies)

Table 8 Legper scenario and per 1/3octave 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
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