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Estimation of field psychoacoustic indices and predictive annoyance models for road

traffic noise combined with aircraft noise

Laure-Anne Gillea1 and Catherine Marquis-Favre1

Univ Lyon, ENTPE, Laboratoire Génie Civil et Bâtiment, 3 rue Maurice Audin,

F-69518 Vaulx-en-Velin, France

Annoyance due to urban road traffic noise combined with aircraft noise was studied,1

using both laboratory and field survey data. Laboratory data were used to propose:2

i) partial annoyance models considering psychoacoustic indices and noise sensitivity,3

and ii) total annoyance models considering noise indices or partial annoyance models.4

To predict partial and total annoyance in field, a methodology was proposed to5

estimate the different psychoacoustic indices, involved in annoyance models, from6

Lden values. This methodology, interesting from a practical point of view, and the7

proposed annoyance models enable a good prediction of the field partial and total8

annoyance ratings compared to models based on Lden only. These results show that9

there is a need to develop the methodology of psychoacoustic index estimation from10

noise map Lden and also partial and total annoyance models.11

a also at: CEREMA, Direction Territoriale Île-de-France, 21-23 rue Miollis, 75732 Paris Cedex 15, France
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I. INTRODUCTION12

In urban areas, noise annoyance is a major source of concern. Road traffic is the most13

annoying noise source in terms of numbers of those concerned, but aircraft is the most an-14

noying in terms of percentages of those exposed to a given noise level (e.g.1,2). European15

cities of more than 100,000 inhabitants manage noise exposure using strategic noise maps3.16

These maps using Lden, the day-evening-night level, represent noise exposure to each trans-17

portation noise source. This index is also used in exposure-effect relationships to estimate18

the percentages of people annoyed by a noise source1. However, this index does not cover19

some acoustical features known to be particularly annoying, i.e. spectral content, irregu-20

lar amplitude fluctuation or modulation-related sensations (e.g.4–7). In addition, combined21

noise exposure is a more frequent situation8. However as noise sources may interact9, their22

characterization and therefore their prediction become more difficult.23

It is also well known that non-acoustical factors, such as noise sensitivity, influence noise24

annoyance (e.g.10). Noise annoyance models, considering both psychoacoustic indices char-25

acterizing different annoying acoustical features and noise sensitivity, have already been pro-26

posed on laboratory data in the literature (e.g. for tramway noise5,6, for aircraft noise11,12).27

However, these models may not be applicable on field data as some of the corresponding28

psychoacoustic indices cannot be predicted or measured on a wide area.29

Below, annoyance due to combined urban road traffic noise and aircraft noise is studied.30

A combined noise experiment was carried out in a simulated environment. Partial and total31

annoyance were assessed in laboratory conditions simulating the combined noise exposure32
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studied during a field survey (presented in Gille et al.2). Data from the different single and33

combined laboratory experiments were aggregated to construct partial annoyance multilevel34

models for each noise source. These partial annoyance models accounted for different acous-35

tical features of each noise source by considering psychoacoustic indices. Total annoyance36

models for combined urban road traffic noise and aircraft noise were constructed using data37

from the combined noise experiment. The data from the field survey were used to test the38

proposed models for partial and total annoyance. To test the models, a methodology was39

proposed to estimate noise index values from field Lden.40

II. METHOD OF COLLECTION OF DATA41

Data from three experiments were aggregated to study noise annoyance due to urban road42

traffic noise (denoted as URTN in the following), annoyance due to aircraft noise (denoted43

as AN) and total noise annoyance due to combined noises (denoted as CN). The single44

noise experiments and the combined noise experiment are presented below (cf. Sections II A45

and II B, respectively). The models built using laboratory data were tested using data from46

a French survey, presented in Section II C.47

A. Single noise experiments48

A single noise experiment (cf. Gille et al. 13) was carried out to study specific annoyance49

due to URTN (i.e. annoyance due to URTN heard in isolation). A similar experiment in50

terms of apparatus and procedure was carried out to study specific annoyance due to AN51
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(cf. Gille et al. 12). They are briefly described below, for more details see Gille et al.13 and52

Gille et al.12, respectively.53

1. Stimuli54

a. URTN experiment. Twenty seven URTN sequences of 3 minutes were constructed55

using different urban road vehicle pass-by noises and an urban background noise which were56

recorded in Lyon and its suburbs (cf. Gille et al. 13). The A-weighted equivalent sound57

pressure level of the single pass-by noises ranged from 53.5 dB(A) to 67.1 dB(A), depending58

on the type of vehicle and of the driving condition. The background noise was equalized at59

40 dB(A), in order to be masked by the pass-by noise with the lowest LAeq. Noise sequences60

comprised between 16 and 80 vehicles in 3 minutes, with a maximum of 44% of powered-61

two-wheelers or a maximum of 10% of buses and heavy vehicles. Resulting noise level of the62

URTN stimuli ranged from 57.3 to 63.7 dB(A).63

b. AN experiment. Twelve aircraft flyover noises were recorded in the French neigh-64

borhood of an international airport, approximately 5 km away in line with the runway (cf.65

Gille et al. 12). The differences in A-weighted equivalent sound pressure level observed in66

field were kept, resulting in a range from 43.5 dB(A) to 54.6 dB(A), with stimulus duration67

ranging from 22.1 to 61.5 seconds.68

c. For both experiments. No filter simulating facade transmission was applied to the69

stimuli as wall material and window types have an effect on auditory judgments 14 and the70

choice of one specific kind of facade might have been too limiting. Thus, the worst noise71
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exposure is considered at home such as being near the window open in private indoor spaces72

or in private outdoor spaces.73

2. Apparatus for URTN and AN experiments74

The experiments took place in a quiet room with a background noise of 19 dB(A). The75

stimuli were reproduced employing a 2.1 audio reproduction system consisting of two active76

loudspeakers and one active subwoofer. The center of the interaural axis of the partici-77

pant and the loudspeakers formed an equilateral triangle (as recommended by Bech and78

Zacharov 15). The loudspeakers were placed at a height of 1.20 m from the floor, and the79

subwoofer was placed on the floor between the loudspeakers.80

3. Procedure for URTN and AN experiments81

Participants were asked to imagine themselves at home while relaxing. For the URTN82

experiment with 3-min stimuli, they could bring along their own reading stuff. After each83

stimulus, a reminder of the imaginary situation was presented to the participants and they84

were asked to give annoyance rating due to the stimulus on a continuous scale ranging from85

“0” to “10”.86

At the end of both experiments, the participants performed a verbalization task and they87

had to evaluate their noise sensitivity on a continuous scales ranging from “0” to “10”.88
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4. Participants89

The URTN experiment was performed by 34 participants (16 male, 18 female) aged90

between 20 and 55 years old (mean age: 32.3; standard deviation: 12.7). The AN experiment91

was performed by 33 participants (19 male, 14 female) aged between 20 and 56 years old92

(mean age: 32; standard deviation: 12.5). Eleven participants performed both single noise93

experiments. All participants declared normal hearing abilities and were paid for their94

participation.95

B. The combined noise experiment96

1. Stimuli97

As recommended by Berglund and Nilsson16, experiment stimuli were constructed on the98

basis of a complete matrix composed of 4 URTN sequences and 4 AN sequences. Sixteen99

6 minute noise sequences were constructed to study different URTN and AN scenarios.100

a. URTN sequences. To account for the urban road traffic observed in the surveyed101

cities2, the mean daily traffic and the noise exposure expressed in terms of Lden were consid-102

ered. These data allowed the traffic sequences 1T5 (16 light vehicles (LV), 1 bus or heavy103

vehicle (BHV) and 3 powered-two-wheelers (PTW) in 3 mins) and 1T8 (24 LV, 1 BHV,104

3 PTW) built in Gille et al.13 to be selected in order to simulate the road traffic in small105

streets. The traffic sequences 2T8 (48 LV, 2 BHV, 6 PTW) and 2T11 (62 LV, 2 BHV,106

PTW) were selected as they simulated road traffic in bigger streets (cf. Gille et al.13). In107
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order to construct 6 min CN sequences, the 3-min URTN sequences taken from Gille et108

al.13 were played twice.109

b. AN sequences. In order to reproduce the aircraft traffic observed in the surveyed110

cities2, the AN sequences were composed of 1 to 4 aircraft flyover noises, with an inter-111

val between 2 aircraft flyovers ranging from 90 secs to 6 mins. The aircraft flyover noises112

composing the sequences came from the experiment presented in Gille et al.12. Four differ-113

ent aircraft noises were selected, according to their mean annoyance rating12. Stimuli a2114

(22.1 secs) and a6 (40.1 secs) were selected as they are respectively one of the least and one115

of the most annoying flyover noises. Stimuli a7 (44.3 secs) and a11 (61.5 secs) were selected116

among stimuli with mean annoyance ratings significantly different from a2 and a6 (cf.12).117

Table II gives the succession of aircraft flyover noises and the interval between 2 aircraft118

flyover events.119

c. CN sequences. The 6-min CN sequences were composed of an URTN sequence,120

an AN sequence and an urban background noise, recorded by Trollé et al.5,6 early in the121

morning without distinguishable noise events and equalized at 32.4 dB(A). Noise level of122

aircraft flyovers and of urban road traffic noises was 20 dB(A) lower than field observations.123

This was done in order to simulate a window open and a distance between the street and124

the living room. Table I gives the A-weighted equivalent sound pressure level for the urban125

road traffic noise sequences combined with the urban background noise and for the aircraft126

flyover noises composing the aircraft noise sequences. Table II gives the resulting A-weighted127

equivalent sound pressure level, LAeq of the CN sequences.128
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TABLE I. The A-weighted equivalent sound pressure level LAeq,6min of URTN (Urban Road Traffic

Noise) sequences and LAeq,flyover of aircraft flyover noises composing the AN (Aircraft Noise)

sequences.

LAeq,6min of URTN sequence LAeq,flyover of aircraft flyover noise

dB(A) dB(A)

1T5 45.7 a2 35.0

1T8 46.6 a6 55.6

2T8 49.5 a7 51.3

2T11 51.9 a11 46.5

TABLE II. A-weighted equivalent sound pressure level LAeq of the combined noise sequences com-

posed of URTN (Urban Road Traffic Noise) and AN (Aircraft Noise). Interval between 2 aircraft

flyovers is given between brackets.

URTN sequence

AN sequence 1T5 1T8 2T8 2T11

a2 45.9 46.7 49.5 52.0

a2 a6 (3 mins) 49.1 49.4 51.1 53.0

a2 a7 a6 (2 mins) 49.9 50.4 51.6 53.3

a2 a7 a11 a6 (90 secs) 50.0 50.3 51.8 53.4
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2. Apparatus129

The experiment was run in a quiet simulated living room, with a background noise level130

below 22 dB(A). The noise sequences were reproduced employing a 2.1 audio reproduction131

system consisting of two active loudspeakers and one active subwoofer. Participants sat on132

a 3-place sofa. The center of the interaural axis of the participant seated in the middle of133

the sofa and the loudspeakers formed an equilateral triangle (as recommended by Bech and134

Zacharov15). The loudspeakers were placed at a height of 1 m, and the subwoofer was placed135

on the floor between the loudspeakers.136

3. Procedure137

Three participants performed the test simultaneously. They were asked to not speak138

together and to imagine themselves having a read at home. They could bring along their139

own reading material for the experiment. This procedure has been used in previous works140

(e.g.17). The stimuli were presented one by one in random order.141

After each combined noise sequence, participants were asked about: i) the urban road142

traffic partial annoyance (i.e. annoyance due to a URTN in combined noise exposure143

situation), ii) the aircraft partial annoyance and iii) the total annoyance due to combined144

noises: “While you imagined yourself relaxing at home with this soundscape sequence, did145

(the road traffic noise) / (the aircraft noise) / (the global noise due to the road traffic noise146

and the aircraft noise) annoy you?”. To answer these 3 questions, participants gave ratings147
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on continuous scales ranging from “0” to “10”, with 11 evenly spaced numerical labels and148

two verbal labels at both ends (“not at all annoyed” and “extremely annoyed”).149

At the end of the experiment, participants answered three following questions: “Did (the150

aircraft noise) / (the road traffic noise) seem familiar to you?”, “How would you describe151

(the aircraft noise) / (the road traffic noise)? ” and “In a general way, how do you judge152

(the aircraft noise) / (the road traffic noise)? ”. As in single noise experiments 2,12 (cf.153

Section II A), participants filled in a questionnaire with personal items such as non-acoustical154

factors at the end of the experiment. For noise sensitivity, participants were asked: “Would155

you say you are sensitive to noise generally speaking ?” They were then asked to make a156

judgment on a continuous scale ranging from “0” to “10” with two verbal labels at both157

ends (“not at all sensitive” and “extremely sensitive”). The experiment lasted two hours.158

4. Participants159

The experiment was performed by 32 participants (17 male, 15 female) aged between160

20 and 67 years (mean age = 37.5; standard deviation = 14.5). Six participants had also161

performed the 2 single noise experiments and 2 had performed the URTN experiment. All162

participants declared normal hearing abilities and were paid for their participation.163

C. French survey164

Data from a French survey focusing on annoyance due to combined transportation noises165

and conducted in 2012 (cf. Gille et al.2) were used to test the models built from laboratory166

data. In the following, only cities exposed to road traffic noise combined with aircraft noise167
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will be considered, that is to say data for 212 respondents (cf. Gille et al.18). Only people168

aged between 18 and 80 years old and living permanently in the dwelling since at least one169

year were face-to-face interviewed. The questions about the noise annoyance complied with170

the recommendations provided by the ISO 15666 standard19. Respondents were asked to give171

an annoyance rating on a continuous scale from “0” to “10”, with 11 evenly spaced numerical172

labels and two verbal labels at both ends (“not at all” and “extremely”). Noise sensitivity173

was evaluated on the same format. The exposure of each respondent was determined using174

Lden from the strategic noise maps. Table III gives a summary of the survey. For more175

details, see Gille et al.2.176

III. RESULTS177

Data from single noise and CN experiments were used to construct annoyance models178

for URTN and for AN . These models were based on noise sensitivity and noise indices.179

These models used as variables of total annoyance models from the literature were considered180

to propose annoyance models for combined noises. Then a methodology was proposed to181

evaluate the different noise indices from Lden given by the strategic noise maps. Data from182

the French survey were used to test the annoyance models established under laboratory183

conditions.184
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TABLE III. Main information from the French survey2,18, considering only the sample of respon-

dents exposed to road traffic noise combined with aircraft noise.

French survey

Date 2012

Cities 2

Respondents 212

Road traffic noise Lden: [49.9;77.9] dB(A)

Aircraft noise Lden: [42;54] dB(A)

using strategic noise maps

Annoyance in agreement with

question ISO 1566619

Noise sensitivity continuous scale: [0;10]

A. Verbalization description185

Verbalizations from the CN experiment were compared to those collected during single186

noise experiments (cf.12,13) in Table IV. This step helps in the work of identifying and187

proposing relevant noise indices to characterize noise annoyance.188

The highlighted influential acoustical features were similar in the different experiments. A189

deep analysis showed that occurrences might be different from the single noise experiment190

to the CN experiment. Actually, for URTN , only the global temporal variation was as191
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TABLE IV. Participant verbalizations on URTN (Urban Road Traffic Noise) and AN (Aircraft

Noise) within the 3 different experiments (separated by a year) and their occurrences. CN : Com-

bined Noise; PTW: Powered-two-wheelers. %: percentage of respondents who cited this item.

Single noise CN

Verbalizations experiment experiment

URTN AN URTN AN

Presence of PTWs 100% 66%

Perceived noise intensity 56% 39% 19% 44%

Global temporal variation 56% 55% 56% 59%

Spectral content 24% 58%

Modulation-related 6%

Timbre 13% 25%

frequently cited in both experiments. All the other acoustical features were less frequently192

cited in the CN experiment than in the URTN experiment. For AN , both global temporal193

variation and perceived noise intensity were equally mentioned in both experiments. Only194

timbre was less cited in the CN experiment than in the AN experiment. These differences in195

occurrence for timbre might be due to masking effects between the CN or due to participant196

difficulties in describing acoustic content of CN sequences. The difficulty might be due to197
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the fact that they were having a read during the experiment. Nevertheless, this showed that198

the same acoustical features were noticed by participants and related to annoyance.199

B. Analysis of variance for annoyance ratings in the CN experiment200

Stimuli of the combined noise experiment were constructed on the basis of two factors:201

“URTN SEQ” for URTN sequence and “AN SEQ” for AN sequence. The effects of these202

factors on partial annoyance due to URTN, on partial annoyance due to AN and on total203

noise annoyance were studied using two-factorial repeated-measures analyses of variance204

(RM ANOVA), with four levels per factor.205

1. Partial annoyance due to URTN206

207

The two main factors “URTN SEQ” and “AN SEQ” had a significant effect on URTN208

annoyance (respectively, [F(3, 93)=75.59; p<0.05, ε=1] and [F(3, 93)=7.66; p<0.05, ε=0.92])209

The proportion of variance (η2) explained by the factor “URTN SEQ” was moderate, i.e.210

26%, and the one explained by the factor “AN SEQ” was very small, i.e. 3%. The interaction211

between the factors “URTN SEQ” × “AN SEQ” had no effect on URTN partial annoyance212

([F(9, 279)=1.72; p>0.05, ε=0.85]).213
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2. Partial annoyance due to AN214

215

Only the main factor “AN SEQ” had a significant effect on AN annoyance ([F(3,216

93)=40.55; p<0.05, ε=0.84]). The proportion of variance explained (η2) by the factor “AN217

SEQ” was moderate, i.e. 28%. Both the main factor “URTN SEQ” and the interaction218

between the factors “URTN SEQ” × “AN SEQ” had no effect on the AN partial annoyance219

(respectively, [F(3, 93)=1.73; p>0.05, ε=1] and [F(9, 279)=0.79; p>0.05, ε=0.78]).220

3. Total annoyance221

222

The two main factors “URTN SEQ” and “AN SEQ” had a significant effect on total noise223

annoyance (respectively, [F(3, 93)=20.34; p<0.05, ε=1] and [F(3, 93)=15.38; p<0.05, ε=1]).224

The proportion of variance explained (η2) by the factor “URTN SEQ” was moderate, i.e.225

15%, but higher than the proportion of variance explained by the factor “AN SEQ”, i.e.226

8%, indicating that URTN sequences influenced total annoyance more than AN sequences227

did. The interaction between the factors “URTN SEQ” × “AN SEQ” had no effect on total228

annoyance ([F(9, 279)=1.72; p>0.05, ε=0.85]).229

C. Single noise annoyance models230

Multilevel regression analysis was performed to consider acoustical and individual data231

in annoyance models using various experiments. To consider both partial and specific an-232

15



Road-aircraft noise annoyance modeling and testing

noyance ratings in the construction of models, as already seen in the literature (e.g.1),233

new models were computed by aggregating the aforesaid data. Furthermore, aggregating234

the results of different experiments increases noise exposure variability. Indeed, the noise235

sequences of the different experiments had neither the same duration (URTN sequences236

lasted for 3 mins in URTN experiment, aircraft flyover lasted between 22 and 64 secs, CN237

sequences lasted for 6 mins) nor the same noise level (URTN sequences LAeq ranged from238

57.3 to 63.7 dB(A) in URTN experiment and from 45.7 to 51.9 dB(A) in CN experiment;239

aircraft flyover noise LAeq ranged from 43.9 to 54.6 dB(A) in AN experiment and from 35.0240

to 55.6 dB(A) in CN experiment). The built models are therefore relevant for a wider noise241

exposure range (single and combined noise exposures, different durations and different noise242

levels).243

The linear multilevel regression will be briefly presented below (for more details, see Hox20
244

and Trollé et al.5,6).245

Model specification: As data were obtained from several repeated measure experiments,

the first level of the regression model refers to the stimulus (URTN sequence or AN se-

quence, denoted as i in subscript). The second level refers to the individual (denoted as j

in subscript) and the third level refers to the experiment (denoted as k in subscript - no

variables and no error terms are introduced in the model at this level)20. An individual

could therefore assess specific annoyance due to a noise sequence during one of the single

noise experiments and partial annoyance due to the same noise sequence during the CN

experiment. Considering a model with one variable at the individual level (the noise sen-

sitivity, denoted as Sens) and M variables at the stimulus level (denoted as Indexm), the
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formulae are as follows, with Aijk the annoyance rating of the individual j for the stimulus

i in the experiment k:

Aijk = π0jk +
M∑
m=1

πmjkIndexmi + eijk

π0jk = β000 + β011 × Sensjk + u0jk

πmjk = βm00 + βm11 × Sensjk + umjk

u0jk

...

umjk

...

uMjk



v N



0,



σ2
u0
· · · · · · · · · σu0M

...
. . .

...
...

σum0 · · · σ2
um · · · σumM

...
...

. . .
...

σuM0
· · · · · · · · · σ2

uM




for m = 1, ...,M, for j = 1, ..., J and k = 1, ..., K

eijk v N (0, σ2
e) for i = 1, ..., I, j = 1, ..., J

and k = 1, ..., K

Computation of multilevel regression is Bayesian and the studied parameter influence246

is made using Bayesian posterior distribution20. The posterior distributions of the model247

parameters are approximated via Markov Chain Monte Carlo (MCMC) simulation, with248

350,000 iterations.249

To select the model with the best goodness-of-fit, three criteria are used:250

- R2
1: the proportion of variance explained at the stimulus level. R2

1 varies from 0 to 1.251

The closer R2
1 is to 1, the better is the model goodness-of-fit.252
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- R2
2,m (m=0, . . . , M): the proportion of variance explained at the individual level. This253

criterion is computed for each random coefficient at the individual level: the intercept254

π0j and the slope(s) πmj. The slope πmj can be fixed, random or can account for a255

moderating effect due to noise sensitivity. If noise sensitivity explains the variation256

of each random coefficient (π0j or πmj), R
2
2,m varies from 0 to 1. The closer R2

2,0257

(calculated for π0j) is to 1, the more noise sensitivity has an effect on individual mean258

rating. The closer R2
2,m (calculated for πmj) is to 1, the more noise sensitivity has a259

moderating effect on the relationship between the mth index and annoyance ratings.260

- Deviation Information Criterion (DIC): This criterion provides a measure of out-of-261

sample predictive error20. The lower the DIC is, the better is the predictive power of262

the model.263

1. URTN annoyance models264

As a first step, a classical model, with LAeq, without noise sensitivity or individual error

term in the intercept (latter referred as CMroad) was calculated:

Aijk = 3.58 + 0.02(n.s.)× LAeq + eijk

eijk v N (0, 4.66) for i = 1, ..., I, j = 1, ..., J

and k = 1, ..., K

The proportion of variance explained at the stimulus level (R2
1) was equal to 3%, with265

a non-significant (denoted by n.s.) slope coefficient (0.02) of annoyance relative to LAeq,266

18
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classically used as a single variable in an annoyance model. This highlights that such model,267

solely based on LAeq, is not relevant.268

Then, null models, i.e. without explanatory variables at the stimulus level, without269

(M0a) and with (M0b) noise sensitivity in the intercept, were tested. For M0a, R2
1=0.57270

and DIC=5107. For M0b, R2
1=0.57, R2

2,0=0.20 and DIC=5107. Due to the R2
2,0 value, noise271

sensitivity was considered for intercept modeling and M0b was further used as a baseline.272

Finally, several combinations of indices were selected to account for the mentioned an-273

noying acoustical features of the noise: LAeq or loudness N for perceived sound intensity, the274

indicator URA (cf. Klein et al. 7) for perceived sound intensity and timbre and σ′(N) the275

temporal derivative of loudness (cf. Gille et al. 13) for temporal features. The best combi-276

nations were kept, according to DIC, R2
1 and R2

2,m criteria, and including the combinations277

of noise indices already highlighted in Gille et al.13 for URTN annoyance:278

- LAeq & random slope (a model denoted by LAeq,roadrand),279

- Loudness N & moderating effect (Nroadmod),280

- The indicator URA & moderating effect (URAroadmod),281

- N , the derivative of loudness σ′(N) & random slope (LDroadrand for “Loudness and282

its Derivative”)283

- and URA, σ′(N) & fixed slope (URADroadfix for “URA and loudness Derivative”).284

Using standardized coefficients, the contribution of each variable21 to the model was deter-285

mined. Noise sensitivity significantly contributed to the five models (37% for LAeq,roadrand;286

37% for Nroadmod; 35% for URAroadmod; 31% for LDroadrand; 40% for URADroadfix). In287
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TABLE V. Annoyance models for URTN . The values of LAeq, N , URA and σ′(N) were grand

mean centered with the grand-mean 56.3 dB(A), 5.67 sones, 4.74 and 33.49 sone/s respectively.

Co.: Coefficient; [St. Co.]: Standardized Coefficient; 1st L: Stimulus Level; 2nd L: Individual Level.

*: not significantly different from 0; σ2
e , σ

2
u0, σ2

u1, σ2
u2: variances of residual errors; σu01, σu02; σu12:

covariances of residual errors.

Model: LAeq,roadrand Nroadmod URAroadmod LDroadrand URADroadfix

Index: LAeq N URA N and σ′(N) URA and σ′(N)

Co. [St. Co.] Co. [St. Co.] Co. [St. Co.] Co. [St. Co.] Co. [St. Co.]

Fixed part

β000 1.31* 2.25 2.32 3.04 2.11

β011 (Sens) 0.54 [0.56 ] 0.47 [0.49 ] 0.50 [0.52 ] 0.34 [0.34 ] 0.45 [0.46 ]

β100 (LAeq , N or URA) 0.34 [0.97 ] 0.35 [0.70 ] 0.67 [0.83 ] 0.39 [0.43 ] 0.37 [0.26 ]

β111 (Sens x (LAeq or N )) – 0.05 [0.12 ] 0.09 [0.14 ] – –

β200 (σ′(N)) – – – 0.05 [0.30 ] 0.08 [0.43 ]

Random part

σ2
e (1st L) 1.29 1.27 1.28 1.23 1.39

σ2
u0 (2nd L) 6.93 4.94 6.52 5.35 4.03

(σu01; σ2
u1) (2nd L) (-0.17; 0.03) (0.30; 0.08) (0.87; 0.32) (0.47; 0.24) –

(σu02; σu12; σ2
u2) (2nd L) – – – (-0.028;-0.031;0.007) –

Explained variance

R2
1 (1st L) 0.72 0.73 0.73 0.74 0.70

R2
2,0 (2nd L) 0.12 0.16 0.14 0.13 0.18

R2
2,1 (2nd L) – 0.10 0.09 – –

DIC 4529 4503 4506 4474 4594
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particular, the interaction term between noise sensitivity and N or URA contributed to the288

models (9% for Nroadmod; 9% for URAroadmod). The interaction also increased the contribu-289

tion of noise sensitivity to the models. This highlights relevance of considering explanatory290

variables at the individual level in order to improve URTN annoyance models. In fact, the291

model CMroad, based solely on LAeq, was not relevant to explain noise annoyance.292

2. AN annoyance models293

As in Section III C 1, a classical model, with LAeq but without noise sensitivity or indi-

vidual error term in the intercept (CMair) was calculated for AN annoyance:

Aijk = −6.76 + 0.21× LAeq + eijk

eijk v N (0, 6.65) for i = 1, ..., I, j = 1, ..., J

and k = 1, ..., K

The proportion of variance explained at the stimulus level (R2
1) is equal to 17%.294

Then, null models, without (M0a) and with (M0b) noise sensitivity in the intercept, were295

tested. For M0a, R2
1=0.48 and DIC=4003. For M0b, R2

1=0.48, R2
2,0=0.15 and DIC=4003.296

Due to the R2
2,0 value, noise sensitivity was therefore kept for intercept modeling and M0b297

was further used as a baseline.298

Finally, several combinations of indices were selected to characterize the aforementioned299

annoying sound characteristics: LAeq, N or loudness exceeded 10% of the time N10 for300

perceived sound intensity, σ′(N) for global temporal variation, the mean specific loudness301

integrated between Barks 1 and 12 N1−12 and the total energy of tonal components from302
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Barks 13 to 18 TETC13−18 for spectral content (cf. Gille et al. 12). The best combinations303

were kept, according to DIC, R2
1 and R2

2,m criteria:304

- LAeq & random slope (a model denoted by LAeq,airrand),305

- N & random slope (Nairrand),306

- N10 & random slope (N10,airrand),307

- σ′(N) & moderating effect (σ′(N)airmod)308

- andN1−12, TETC13−18 & fixed slopes (LMLHTairfix, for “Low and Medium frequency309

Loudness and High frequency Tonal component”).310

Noise sensitivity significantly contributed to the models (38% for LAeq,airrand; 24% for311

Nairrand; 16% for N10,airrand; 37% for σ′(N)airmod; 51% for LMLHTairfix). In particular,312

the interaction term between noise sensitivity and σ′(N) contributed to the models (9%313

for σ′(N)airmod), which also increased the contribution of noise sensitivity to the model.314

Considering explanatory variables at the individual level with the aim to contributing to315

AN annoyance model enhancement was shown to be relevant. In fact, the model CMair316

explained a smaller proportion of the variance in annoyance ratings than models considering317

an individual characteristic.318

D. Noise indices for each surveyed respondent319

The models constructed from laboratory data were shown to be relevant compared to320

models based solely on LAeq. But to test these noise annoyance models using the field mea-321

sured partial annoyance ratings, the different noise indices involved in the models must be322
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TABLE VI. Annoyance models for AN . The values of LAeq, N , N10, σ′(N), N1−12 and TETC13−18

were grand mean centered with the grand-mean 49.3 dB(A), 7.05 sones, 5.18 sones, 22.64 sone/s,

2.67 sones and 44.5 dB, respectively. All coefficients were significantly different from 0. σ2
e , σ

2
u0,

σ2
u1: variances of residual errors; σu01: covariances of residual errors.

Model: LAeq,airrand Nairrand N10,airrand σ′(N)airmod LMLHTairfix

Index: LAeq N N10 σ′(N) N1−12 & TETC13−18

Co. [St. Co.] Co. [St. Co.] Co. [St. Co.] Co. [St. Co.] Co. [St. Co.]

Fixed part

β000 2.03 2.89 3.56 1.53 1.43

β011 (Sens) 0.30 [0.24 ] 0.24 [0.18 ] 0.28 [0.22 ] 0.39 [0.31 ] 0.40 [0.32 ]

β100 (Index) 0.21 [0.39 ] 0.39 [0.58 ] 1.14 [1.19 ] 0.08 [0.44 ] 0.87 [0.30 ]

β111 (Sens x Index) – – – 0.01 [0.08 ] –

β200 (TETC13−18) – – – – 0.06 [0.17 ]

Random part

σ2
e (1st L) 3.09 3.09 3.05 3.07 3.30

σ2
u0 (2nd L) 3.03 6.09 11.63 2.65 2.70

(σu01; σ2
u1) (2nd L) (0.08; 0.01) (0.45; 0.06) (3.59; 1.34) (0.06; 0.005) –

Explained variance

R2
1 (1st L) 0.62 0.62 0.62 0.62 0.59

R2
2,0 (2nd L) 0.16 0.05 0.11 0.22 0.23

R2
2,1 (2nd L) – – – 0.10 –

DIC 3692 3689 3689 3684 3722
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estimated as it is not possible to measure them on a wide area. Indeed, the survey database323

classically offered ratings for each respondent annoyance and noise exposure expressed in324

terms of Lden from strategic noise maps for each noise source. This section will investigate325

if the different noise indices may be estimated from Lden values and will assess limitations326

of such estimation.327

Therefore, a 3-step methodology was proposed to estimate the indices using Lden.328

1 - Noise index calculation in the survey area. Ninety urban road vehicle pass-by329

noises (30 powered-two-wheelers, 30 heavy vehicles and 30 light vehicles) and 30 urban road330

traffic noises were randomly selected from recordings22 carried out at a receiver point of the331

surveyed area. Moreover, twelve aircraft flyover noises were recorded in the surveyed area.332

The mean values of the noise indices were calculated from these recordings (cf. Table VII).333

2 - Noise index variation as a function of noise level variation. The variation of334

noise indices with equivalent noise level was assessed using noise sequences stemming from335

Gille et al.13 for URTN and from Gille et al.12 for AN . Six URTN sequences (1T3, 1T9,336

1T13, 1T15, 2T5 and 2T7, cf.13) and three AN sequences (a2, a6 and a9, cf.12) (i.e. a quarter337

of the noise sequences studied in Gille et al.13 and in Gille et al.12) were equalized in LAeq at338

7 noise levels separated by a step of 5 dB(A), with a reference level LAeq ref corresponding339

to a sound pressure level within the experiments. Then, relationships between noise indices340

and the variation ∆LAeq(= LAeq − LAeq ref ) were computed. TETC13−18 evolved linearly341

with ∆LAeq, whereas the other noise indices (N , N10, σ′(N), N1−12 and URA) evolved342

exponentially with ∆LAeq (cf. Table VII).343
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TABLE VII. Field mean values, function depending on LAeq variation (denoted by ∆LAeq) and its

α coefficient value of the different noise indices for urban road traffic noise and aircraft noise.

Urban road traffic noise Aircraft noise

Field LAeq mean = 71.1 dB(A) Field LAeq mean = 68.1 dB(A)

Index N σ′(N) URA N N10 σ′(N) N1−12 TETC13−18

Field mean 23.99 113.87 13.29 14.83 25.78 75.52 11.58 53.7

Function eα×∆LAeq eα×∆LAeq eα×∆LAeq eα×∆LAeq eα×∆LAeq eα×∆LAeq eα×∆LAeq α×∆LAeq

α 0.0747 0.0568 0.0528 0.0676 0.0647 0.0591 0.0656 0.5980

N.B.: In the literature, loudness is often given as a function of sound pressure, according344

to the equation given by Stevens 23: N = k × p0.6. In the present study, loudness was345

calculated as N = Nmean × eα×(LAeq−LAeq ref ), with α=0.0747 for URTN and α=0.0676 for346

AN . This equation can also be written as:347

N =
Nmean

e(α×LAeq ref+20α×log10(p0))
× p

20α
ln(10)

A (1)

with pA the A-weighted sound pressure and p0 the reference sound pressure, equal to348

2× 10−5 Pa.349

Using the α values given in Table VII, for URTN , 20α
ln(10)

= 0.649 and for AN , 20α
ln(10)

=350

0.587. The equation in the present study is therefore equivalent to the one of Stevens, with351

k replaced by Nmean

e(α×LAeq ref+20α×log10(p0))
.352

3 - Noise index estimation for each respondent. The noise level to which the

respondent was exposed was estimated from Lden. In the functions given in Table VII,
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∆LAeq was therefore replaced by Lden - LAeq mean with Lden from strategic noise maps and

field LAeq mean. Such replacement of LAeq by Lden has already been shown in the literature

(e.g.24). Using field mean values and α values (cf. Tables VII), indices for each surveyed

respondent could be estimated (N , N10, σ′(N), N1−12 and URA were denoted as ExpIndex):

ExpIndex =ExpIndexmean

× e(α×(Lden−LAeq mean)) (2)

TETC13−18 =TETC13−18mean

+ α× (Lden − LAeq mean) (3)

E. Noise annoyance models tested using field measured partial annoyance ratings353

Using equations 2 and 3, noise indices and therefore the proposed annoyance models could

be estimated for each respondent (denoted as r in subscript) of the survey. Models were

tested, as done by Miedema25 and Klein et al.26, using only fixed parameters of multilevel

models, i.e. in a simpler form, with grand-mean value (denoted as Indexm GM) for each

index m, as follows:

Ar = π0r +
M∑
m=1

πmr(Indexmr − Indexm GM)

π0r = β000 + β011 × Sensr

πmr = βm00 + βm11 × Sensr

Annoyance models testing consisted in comparing predicted annoyance with individual354

partial annoyance ratings measured in field for road traffic noise and for aircraft noise re-355

spectively (cf. Table VIII). Three parameters (r, intercept and slope) were used to assess356
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the partial annoyance models: they resulted from the correlation and regression analysis be-357

tween measured and predicted partial annoyance. These 3 parameters allowed the quality of358

the partial annoyance models (underestimation or overestimation) to be assessed. A perfect359

prediction by a model would lead to (r, intercept, slope) = (1, 0, 1).360

For road traffic noise, the models could be divided into four significantly different361

groups: i) LAeq,roadrand and URAroadmod (0.42≤r≤0.45), ii) Nroadmod and URADroadfix362

(0.38≤r≤0.39) and iii) the other models (0.22≤r≤0.33). For aircraft flyover noise, the dif-363

ferent models simultaneously considering noise indices and noise sensitivity provided similar364

prediction of the partial annoyance ratings (0.47≤r≤0.52). All the models simultaneously365

considering noise indices and noise sensitivity were better correlated with the measured366

partial annoyance ratings than did the models CMroad and CMair solely using the variable367

Lden. This result showed that the annoyance models and the methodology proposed to368

estimate field noise index values enabled to better predict partial noise annoyance ratings369

than Lden alone.370

In the following, for road traffic noise, LAeq,roadrand and URAroadmod were kept, as these371

models better correlated with field annoyance ratings. LAeq,roadrand was very simple as there372

were no need to estimate an index and URAroadmod enabled to characterize different an-373

noying acoustical features of road traffic noise i.e. perceived noise intensity, spectral content374

and modulation-related sensations. For aircraft noise, models with the highest correlation375

with field measured partial annoyance were kept: LAeq,airrand which was very simple to use376

and σ′(N)airmod as this model enabled to characterize global temporal variation. As two377
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TABLE VIII. Correlation coefficients r between predicted partial annoyance and measured partial

annoyance ratings for road traffic noise and for aircraft noise of the field survey. All correlation

coefficients are significantly different from 0.

Road traffic noise

Model intercept slope r

CMroad
a 4.48 0.01 0.22

LAeq,roadrand
a 3.05 0.41 0.45

Nroadmod 4.83 0.54 0.39

URAroadmod 5.13 0.54 0.42

LDroadrand 5.97 0.40 0.32b

URADroadfix 5.37 0.41 0.38

Aircraft noise

Model intercept slope r

CMair
a 2.16 0.16 0.40

LAeq,airrand
a 1.53 0.28 0.51

Nairrand 1.96 0.17 0.50

N10,airrand 3.97 0.49 0.47

σ′(N)airmod 1.95 0.30 0.52

LMLHTairfix 1.98 0.31 0.51

a As done before, LAeq was replaced by Lden.

b A similar model using Lden (instead of N), σ′(N) and noise sensitivity leads to a smaller correlation of

0.25.
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noise indices had to be estimated, LMLHTairfix was not kept, whereas it characterized378

spectral content.379

F. Total noise annoyance models built from laboratory data380

The CN experiment data were used to construct total noise annoyance models. Different381

total annoyance models, described and discussed in the literature (cf.27), were adjusted in382

the current study using the mean measured total annoyance ratings stemming from the CN383

experiment.384

Psychophysical models (i.e. total annoyance is described as a function of acoustical385

variables, cf. Table IX) used variables LAeq, and also N for each noise source in combination386

as proposed in Morel et al.9. Perceptual models (i.e. total annoyance is described as a387

function of perceptual variables, cf. Table IX) used mean calculated partial annoyance388

ratings as variables. The adjusted determination coefficient R2
adj was used to compare total389

annoyance models: the higher R2
adj, the better the goodness-of-fit. The models for which390

one coefficient was not significantly different from 0, or for which R2
adj was inferior to 0.10,391

were not displayed in Table IX.392

This model comparison highlighted that several psychophysical models had to be con-393

sidered in the following to be tested using field survey data: i) considering LAeq, energy394

summation model, independent effect model and weighted summation model and ii) con-395

sidering N , independent effect model. Linear regression model had to be kept and tested396

in the following using the field survey data considering the partial annoyance ratings pre-397
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TABLE IX. Psychophysical and perceptual total annoyance models from the literature (cf.27)

and constructed in the current work using noise indices or the calculated partial annoyance of the

combined noise experiment. *: not significantly different from 0. R2
adj: The adjusted determination

coefficient.

Psychophysical model Equation R2
adj

Energy summationa AT = −10.75 + 0.31× LT 0.86

Independent effectsb AT = −8.02 + 0.22× LAeq,road + 0.05× LAeq,air 0.74

AT = 2.41 + 0.66×Nroad + 0.07×Nair 0.76

Weighted summationc Aroad = −8.40 + 0.27× LAeq,road 0.97

(also named Aair = −6.03 + 0.19× LAeq,air ⇒ Pair = (2.37− 0.08× LAeq,air)/0.27 0.74

quantitative model) k=10 AT = −10.08 + 0.30× Lt 0.74

k=15 AT = −10.59 + 0.30× Lt 0.76

Perceptual model Equation R2
adj

Linear regressiond AT = 2.66 + 0.25× σ′(N)airmod + 0.65× LAeq,roadrand 0.75

Strongest componente AT = max(σ′(N)airmod;LAeq,roadrand) 0.29

Vector summationf AT = (σ′(N)airmod
2 + LAeq,roadrand

2 + 2× σ′(N)airmod× LAeq,roadrand× cos(1.26rad))1/2 0.56

Linear regression AT = 0.32∗ + 0.25× σ′(N)airmod + 1.13× URAroadmod 0.70

Strongest component AT = max(σ′(N)airmod;URAroadmod) 0.29

Vector summation AT = (σ′(N)airmod
2 + URAroadmod

2 + 2× σ′(N)airmod× URAroadmod× cos(1.41rad))1/2 0.43

Linear regression AT = 1.52 + 0.23× LAeq,airrand + 0.65× LAeq,roadrand 0.74

Strongest component AT = max(LAeq,airrand;LAeq,roadrand) 0.12∗

Linear regression AT = −0.82∗ + 0.23× LAeq,airrand + 1.13× URAroadmod 0.70

Strongest component AT = max(LAeq,airrand;URAroadmod) 0.12∗

a Total annoyance is a function of the sound pressure level of the combined noises, calculated as an energy

summation of the sound pressure level of each combined noise.

b Total annoyance is a function of each combined noise sound pressure level.
c Total annoyance is expressed as a function of the total sound rating, determined calculating

level-dependent penalties of the noises in the combination with respect to a road traffic noise.

d Total annoyance is a function of each specific/partial annoyance due to each noise in the combination.
e Total annoyance is equal to the maximum of the specific/partial annoyances.

f Total annoyance is the result of a vector addition of the specific/partial annoyances of the combined

noises.
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dicted by the models LAeq,roadrand or URAroadmod for road traffic noise and σ′(N)airmod398

or LAeq,airrand, for aircraft noise (cf. Section III C).399

G. Total noise annoyance models tested using survey data400

Total annoyance models (cf. Table IX) were tested using individual field total annoyance401

ratings (cf. Table X). Noise indices used in total annoyance models to consider field exposure402

to road traffic and aircraft noises (i.e. N , σ′(N) and URA) were estimated following the403

methodology presented in Section III D. For each noise source, LAeq in models was replaced404

by Lden value of the survey.405406

Total annoyance predicted from independent effect model with N was not significantly407

correlated with field total annoyance. Perceptual total annoyance models provided a better408

prediction of individual total annoyance ratings than the psychophysical ones. In particular,409

linear regression model with LAeq,roadrand and LAeq,airrand, i.e. perceptual model using410

partial annoyance predicted from both Lden and noise sensitivity, provided a better prediction411

of individual total annoyance ratings (r=0.47) than the independent effect model using only412

Lden (r=0.20). These results show that total annoyance models based on partial annoyance413

models considering individual noise sensitivity associated to noise index estimation enabled414

a better prediction of field total annoyance ratings than total annoyance models based only415

on Lden.416
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TABLE X. Total annoyance models tested using individual total annoyance ratings of the field

survey. Intercept, slope and r resulted from the correlation and regression analysis between field

total annoyance ratings and predicted ones. *: not significantly different from 0.

Model with Index intercept slope r

Energy summation with Lden 6.23 0.10 0.18

Independent effects with Lden 6.60 0.09 0.20

Weighted summation k=10 with Lden 7.01 0.09 0.16

Weighted summation k=15 with Lden 7.11 0.09 0.17

Independent effects with N 8.41 0.15* 0.12*

Linear regression with σ′(N)airmod & LAeq,roadrand 5.07 0.33 0.48

Linear regression with σ′(N)airmod & URAroadmod 6.68 0.62 0.41

Linear regression with LAeq,airrand & LAeq,roadrand 3.80 0.32 0.47

Linear regression with LAeq,airrand & URAroadmod 5.41 0.60 0.41

IV. DISCUSSION417

Noise annoyance due to URTN , noise annoyance due to AN and total annoyance due418

to these combined noises were studied using laboratory and field data. A verbalization419

task enabled to highlight three main annoying acoustical features for URTN and for AN :420

i) global temporal variation, ii) perceived noise intensity and iii) timbre (cf. Table IV). These421
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acoustical features were similar to the ones observed in the previous single noise experiments422

(cf.12,13) and are well-known to influence annoyance due to transportation noises 4,28,29.423

Multilevel regressions were performed considering different annoyance ratings (e.g. spe-424

cific and partial annoyance ratings) and different noise situations (e.g. single and combined425

noise exposures). Indeed, multilevel regression enables to consider experiments as a level of426

the equation. This mathematical model is therefore appropriate to consider the structure427

of the data. Moreover, such aggregation of data from different experiments has already428

been done in the literature: for the construction of exposure-effect relationships, Miedema429

and Oudshoorn1 used data from several surveys, carried out in different countries, for dif-430

ferent combined noise sources and single noise sources. Noise sensitivity highly contributed431

in all built models, confirming the findings of the literature (e.g.5,6,11–13,30). Some models432

highlighted a significant moderating effect of noise sensitivity on the relationship between433

noise indices and noise annoyance (e.g. Nroadmod, URAroadmod and σ′(N)airmod), as found434

by some authors (e.g.11,31) whereas other authors did not observe such an effect (e.g.5,6,30).435

This may be explained by the fact that the moderating effect was weak when significant.436

The great influence of noise sensitivity on annoyance shows therefore the necessity to build437

new exposure-response relationships considering this factor, as proposed in Gille et al.2, and438

to perform more surveys measuring noise sensitivity in order to be able to predict noise439

sensitivity for unmeasured samples of the population.440

A methodology was proposed to calculate field psychoacoustic indices using Lden from441

noise maps. This methodology permits the calculation of loudness N and the corresponding442

equation is similar to Stevens’ well-known relationship23. This similarity between equations443
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endorses the methodology. It seems therefore that the good correlations are not due to a444

particular situation (noise recordings in a specific area) but reflect the relationship between445

noise level and sensations evoked by noise (i.e. perceived sound intensity). Moreover,446

this methodology and the partial annoyance models enable a good prediction of field noise447

annoyance, both for URTN and AN in comparison with annoyance models based solely448

on Lden (cf. Table VIII). However, it should be noted that the obtained index values are449

only an estimation of the corresponding indices. Indeed, they are predicted using Lden,450

which is an estimation of the field noise level, and using different equations involving mean451

values, measured in the survey area. These mean values also contribute to describe the452

soundscape of this area. More field noise recordings need to be performed in order to453

validate this methodology on wider areas, with different noise scenarios and to define mean454

values valid for these situations. Mapping of psychoacoustic indices for large areas are455

mentioned as potential alternatives to improve annoyance models (cf. Lercher et al.32). The456

methodology could be also used to estimate field psychoacoustic indices in other situations,457

e.g. soundscape studies. Further testings of this methodology are therefore of interest for458

different acoustic fields.459

Total noise annoyance was studied using the CN experiment data. According to an460

ANOVA, both types of noise exposure had an influence on total noise annoyance, but the461

proportion of variance explained by URTN is higher than the one explained by AN. Such462

result was already observed by Taylor33, who hypothesized that the influence of each source463

is governed by its duration of apparition. Total annoyance models from the literature were464

built using LAeq and N , and using calculated partial noise annoyance. Total noise annoyance465

34



Road-aircraft noise annoyance modeling and testing

calculated from several models was well correlated with measured total annoyance. The cor-466

responding models were considered for further prediction of total annoyance. Psychophysical467

models under consideration allowed calculated total annoyance to be well correlated with468

measured total annoyance as some perceptual models. This result was not expected as sev-469

eral studies had shown more differences between perceptual and psychophysical models in470

terms of quality of adjustment (e.g. 26). Actually, perceptual models generally calculated471

total annoyance more adequately than psychophysical models under laboratory conditions472

(e.g.17,26).473

Considering individual total annoyance ratings (cf. Table X), predicted total annoy-474

ance from independent effect model based on N was not significantly correlated with field475

measured total annoyance, whereas the other psychophysical models were significantly cor-476

related, but with small correlation coefficients (r≤0.20). On the other hand, perceptual total477

annoyance models using predicted individual partial annoyance as variables (cf. Table X) led478

to better correlation with field measured total annoyance than psychophysical models. This479

is in agreement with literature findings (e.g. 17) when predicted and field measured annoy-480

ance responses are compared. Furthermore, results show that the methodology proposed to481

estimate psychoacoustic indices as a function of Lden, the partial and total annoyance mod-482

els developed under laboratory conditions and considering noise sensitivity enabled a better483

field prediction of individual total noise annoyance than psychophysical models based only484

on Lden (cf. Table X). This result shows that it is still necessary to improve the prediction485

of individual annoyance ratings.486
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V. CONCLUSION487

In this study, models for specific, partial and total annoyance due to URTN and/or to488

AN were constructed using laboratory acoustical and individual data, thanks to multilevel489

regression, an appropriate statistical analysis to such data structure. Then, a methodology490

is proposed to estimate the psychoacoustic indices involved in annoyance models, using491

Lden from noise maps. This methodology enables therefore to test the proposed annoyance492

models, using survey data. This methodology and the proposed annoyance models, for493

specific and total annoyance, enable a better prediction than Lden only.494

In order to predict annoyance on wide areas, new surveys measuring noise sensitivity495

and noise exposure need to be performed. These new surveys will be useful to estimate496

noise sensitivity for unknown samples of the population and for testing the methodology to497

estimate noise indices.498
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