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Summary 

The European Commission's 2011 White Paper mentioned key goals to strengthen the role of rail in 

the transport system. Even if rail is acknowledged to be the transport mode with the lowest 

environmental impact, non-auditory effects on health such as noise annoyance will be an important 

issue with growth of rail traffic. Railway noise annoyance may be predicted using noise exposure 

relationships recommended by the European Union. These relationships using the day-evening-

night level index lead to a poor predictive quality when the relationships were tested using recent 

data from socio-acoustical surveys. Mean-energy based indices are often questioned in the literature 

to predict noise annoyance. Actually, mean acoustical energy is not the only factor which may 

influence noise annoyance responses. Various acoustical and non-acoustical factors may be relevant 

to enhance actual noise annoyance models. The objective of the study is to contribute to the 

enhancement of a model for railway noise annoyance. To that aim, noise annoyance was assessed 

in laboratory conditions. A first step was to highlight annoying auditory sensations evoked by 

railway noise in urban areas. A second step was to propose relevant acoustical and psychoacoustical 

indices to account for the highlighted annoying auditory sensations.  

The analysis showed the influence of different acoustical features of railway noise on annoyance: 

sound energy, spectral content, irregular and regular fluctuations. Different indices from the 

literature and new indices were tested to account for these features. 

PACS no. 43.50.Qp, 43.50.Rq, 43.66.L j 

 

1. Introduction1 

Annoyance due to transportation noise is one of the 

main environmental concerns in Europe, and 

annoyance is one of the most significant effects of 

noise on health for exposure to non-critical sound 

levels. In order to reduce transportation noise 

exposure, the European Directive 2002/49/EC 

requires that every European city with more than 

100,000 inhabitants produces strategic noise maps. 

These maps are based on the mean energy-based 

index Lden, the day-evening-night equivalent sound 

pressure level. Dose-effect relationships based on 

this index exist to predict annoyance due to 

transportation noise. But many studies showed that 

energy-based indices, such as Lden, are insufficient 

to adequately account for annoyance due to 

transportation noise in cities (e.g. [1-2]). Noise 

annoyance is known to be influenced by different 

                                                      

 

acoustical and non-acoustical factors. Mean 

energy-based index, such as Lden or A-weighted 

equivalent sound pressure level (LAeq), accounts for 

only one acoustical factor, the mean sound 

intensity. For various transportation noise sources, 

such index is not sufficient to characterize 

annoyance due the noise sources. Actually, 

different annoying auditory sensations are evoked 

by other acoustical factors and linked to spectral 

and temporal features of transportation noises (e.g. 

[3]). For annoyance due to tramway pass-by noises 

in urban areas, Trollé et al. [4-5] proposed a noise 

annoyance model based on LAeq and a spectral 

index accounting for annoying tonal components at 

high frequency. This model has proven to be 

relevant [4-5].  

Railway traffic has been growing in Europe during 

the last decades, and especially in large urban areas. 

Furthermore, annoyance due to railway traffic is 
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poorly predicted by dose-effect relationships only 

based on Lden when compared to annoyance data 

collected during recent socio-acoustical surveys 

(e.g. [2]). Thus, there is the need to enhance 

annoyance models by considering more influential 

factors. 

The current work intends to contribute to these 

long-term aims (1) by identifying annoying 

auditory sensations evoked by railway noise in 

urban areas, and (2) by proposing indices to account 

for the highlighted annoying auditory sensations. 

To that aim, an experiment was carried out under 

controlled conditions. It involved participants 

exposed to train pass-by noises. During the 

experiment, annoyance ratings and free 

verbalization data were collected. This paper will 

present the experiment, the analysis and will 

discuss the results in terms of (1) highlighted 

annoying auditory sensations evoked by train pass-

by noises in urban areas, and (2) indices relevant to 

account for such annoying sensations. More results 

and perspectives of this study will also be discussed 

during the conference. 

 

2. Experimental Methodology 

2.1. Stimuli 

Stimuli stemmed from in situ recordings. 

Recordings were carried out on different French 

sites of railway pass-bys in urban areas. The 

recorded train pass-by noises stemmed from fret 

trains, intercity trains and high speed trains passing 

at low speed. Stereophonic recordings and 

monophonic recordings were respectively made 

using an ORTF pair of cardioid microphones and 

an omnidirectional microphone, as used in previous 

studies (e.g. [4-5]). Signals were recorded into a 

portable DAT, with 24-bit resolution and 44.1 kHz 

sampling frequency. Recording distances from the 

railway tracks ranged from 3 to 64 meters. 

From the in situ recordings, 23 sound excerpts were 

selected. They corresponded to 23 isolated trains, 

which may be identified as intercity trains (TER), 

high speed trains (TGV), suburban train (RER) or 

fret trains (FRET). Stimuli duration ranged from 6 

and 47 s. LAeq of the stimuli reproduced in 

laboratory conditions ranged from 34.2 and 65.2 

dB(A), complying with variation in mean sound 

pressure level observed in situ between the 

different train pass-bys.  

 

 

2.2. Apparatus 

The experiment took place in a quiet room, with a 

background noise inferior to 24 dB(A). The 

stereophonic railway pass-by noises were 

reproduced through a pair of active loudspeakers 

(Dynaudio BM5A) and one active subwoofer 

(Dynaudio BM9S). Participants were faced to a 

computer screen. The loudspeakers were positioned 

at a height of 1.20 m, forming an equilateral 

triangle with the participant’s interaural axis. The 

subwoofer was placed on the floor between the 

loudspeakers. 

2.3. Participants 

Thirty-two participants were involved in the 

experiment (15 men, 17 women, mean age: 29 

years, Standard deviation: 10.5 years). They were 

paid for their participation. 

2.4.  Procedure 

Participants were asked to imagine themselves at 

home while doing a relaxing activity familiar to 

them (e.g. reading, gardening, watching television). 

Stimuli were presented one by one in random order. 

For each stimulus, participants were asked to rate 

the annoyance (“During your relaxing activity, you 

hear this railway noise. Would this noise annoy 

you?”), in accordance with ISO/TS 15666 [ISO, 

2003]. They were instructed to use a continuous 

scale ranging from 0 (“not annoying at all”) to 10 

(“extremely annoying”). After each annoyance 

judgment, participants were asked: “Can you 

describe why you give this annoyance rating?”. 

Participants typed their responses using a keyboard. 

A training test was conducted at the beginning of 

the experiment, allowing participants to familiarize 

with the scale and stimuli. A questionnaire was 

filled at the end of the experiment to gather 

individual information, such as noise sensitivity. 

Duration of the experiment was about 45 minutes. 

 

3. Results 

3.1. Analysis of free verbalization 

Verbatim used by participants to explain their 

annoyance rating given to each train pass-by noise 

were related to 4 different types of acoustical 

factors: sound intensity, spectrum, fluctuation and 

duration of a particular annoying feature of the 

noise. These acoustical factors were listed 

hereafter. 
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3.1.1. Sound intensity 

Intensity-related terms were used for 45% of the 

stimuli, with verbatim such as “loud” or “weak”.  

3.1.2. Spectrum 

Spectral content was mentioned for 27% of the 

stimuli, with terms such as “rather high-pitched”, 

“shrill” or “squealing noise”.  

3.1.3. Amplitude fluctuation 

Envelope-related terms were mentioned for 26% of 

the stimuli. The verbatim used were various, such 

as “rather regular fluctuations”, “staccato-like” or 

“irregular” aspects. 

3.1.4. Duration 

Duration-related terms were used for 44% of the 

stimuli. However, no correlation was found 

between the duration of pass-by noise and 

annoyance ratings (r=0.29, p=0.18). For example, 

the train pass-by noise, denoted by T11, with a 

duration of 29 s (among the longest stimuli) was 

rated as annoying as the train pass-by noise T12 

with a duration of 7 s (among the shortest stimuli). 

Participants could mention duration when 

acoustical features were particularly annoying 

during the pass-by. For example, the train pass-by 

noise T02 with a duration of 13 s could be described 

with onomatopoeia related to regular fluctuation 

such as “tadam tadam”, and also as an “irritating” 

pass-by which “never finishes”. T02 was judged 

more annoying than the train pass-by noise T09 

(duration of 20 s) which could be judged “not very 

long” and “not very annoying”. 

3.2. Indices accounting for these annoying 

auditory sensations 

In order to characterize these different annoying 

auditory sensations evoked by train pass-by noise, 

several indices from the literature and new indices 

were tested. The indices will be presented hereafter 

according to the 4 acoustical factors related to 

participants’ verbatim. Bravais Pearson’s 

correlation coefficients between indices and 

annoyance ratings will be calculated. 

3.2.1. Sound intensity-based indices 

As expected, LAeq of the stimuli was strongly 

correlated to annoyance ratings (r=0.93, p<0.001). 

The loudness index N appeared to be similarly 

correlated (r=0.89, p<0.001). These good 

correlations are in agreement with the terms 

mentioned by participants to explain their 

annoyance judgments. 

3.2.2. Spectrum-related indices 

High-pitched sensations have often mentioned in 

the context of transportation noise annoyance. Such 

sensations may be evoked for example by squealing 

noise or braking noise. The sharpness index was 

found to be not correlated with annoyance ratings 

(r=0.04, p=0.86). 

The TETC index, corresponding to the Total 

Energy of Tonal Components, has successfully 

been used in studies dealing with road traffic noise 

[3] aircraft noise [6], or tramway noise [4-5] to 

assess high-pitched sensations due to tonal 

components. It is defined as 

𝑇𝐸𝑇𝐶𝑧1−𝑧2 = 10 log10 (∫ 10𝐿(𝑧)/10 𝑑𝑧
𝑧2

𝑧1−1
),  (1) 

where L(z) is the maximal level of tonal 

components in critical band z, with a summation 

between critical bands z1 and z2. Critical band 

domains were considered in the current work as 

they were relevant in previous studies: TETC12-24 

and TETC16-24, respectively used for tramway noise 

[4-5] and road traffic noise [3]. These two indices 

were correlated with noise annoyance ratings due to 

railway noise (resp. r=0.88, p<0.001 and r=0.92, 

p<0.001). Figure 1 displays the auditory 

spectrogram of the train pass-by noise T05 with 

energy at high frequency and judged as “shrill” by 

participants. 

3.2.3. Fluctuation-related indices 

Amplitude fluctuation was found to be a relevant 

factor in the context of annoyance due to railway 

noise. Figure 1 also gives the example of the train 

pass-by noise T05 with both regular and irregular 

fluctuations, and judged by participants to have 

“too much amplitude variation” and also to be 

“staccato-like”. The index σ’(N) was proven to be 

relevant to account for amplitude fluctuations in 

literature. It was proposed by Gille et al. [7], based 

on Yaniv et al.’s operator [8] applied to 

instantaneous loudness N(t) and written as 

𝜎′(𝑁) = √1

𝑇
∫ (

𝑑𝑁

𝑑𝑡
)
2
𝑑𝑡

𝑇

0
,  (2) 

where T is the duration of a stimulus. This index 

was highly correlated with annoyance ratings 

(r=0.90, p<0.001).  
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To account for regular amplitude fluctuations, 

relevant indices were mean fluctuation strength 

Fmean (r=0.76, p<0.001) and the percentile index  

m4-10, 10 (r=0.41, p<0.05). The latter corresponded 

to values of the modulation index m4-10 that are 

exceeded in 10 % of the time. The index m4-10 was 

defined as 

𝑚4−10𝑖 = [
2.|𝑃𝑚𝑎𝑥(4−10𝐻𝑧)|

𝑃(0)
]
𝑖
,  (3) 

where Pmax is the amplitude of the Fourier 

coefficient with the highest peak in the frequency 

range from 4 to 10 Hz within a time frame i. The 

percentile index was constructed in the current 

study following rationale used by Klein et al. [3] 

for percentile indices accounting for other 

amplitude modulations evoked by urban road 

traffic noise.  

Figure 1: Auditory spectrogram (ASP) of the train noise 

T05 with high frequency content, regular and irregular 

amplitude fluctuations during the pass-by. 

 

3.2.4. Fluctuation duration-based indices 

To account for fluctuation duration during train 

pass-by, a modification of the index σ’(N) was 

proposed by removing the 1/T term from 

equation (2).  

The corresponding index σ’(N, T) was correlated 

with annoyance ratings (r=0.88, p<0.001). The 

same operator can be applied to instantaneous A-

weighted sound pressure level in order to propose 

the index σ’(L,T). The latter was also significantly 

correlated with annoyance ratings (r=0.63, 

p=0.001).  

 

 

4. Discussion 

With the long-term objective to enhance annoyance 

model only based on mean energy-based index, this 

study proposed to identify annoying auditory 

sensations evoked by train pass-by noises in urban 

areas, and to characterize such annoying sensations 

by relevant indices. The free verbalizations of the 

participants involved in the experiment highlighted 

that annoyance judgments were linked to 4 main 

acoustical factors: sound intensity, spectral content, 

fluctuation and fluctuation duration. Indices 

accounting for mean energy, such as LAeq or 

loudness, were unsurprisingly correlated with 

annoyance ratings, as it is also found in numerous 

works dealing with annoyance due to transportation 

noise. Sharpness, known to account for high pitch 

sensation, was not correlated with annoyance 

ratings. This is in agreement with other works 

dealing with annoyance due to transportation noise 

(e.g. road traffic noise [9] or aircraft noise 

annoyance [6]). The index TETC appeared to be 

relevant to account for high frequency noise due to 

train pass-by. This is in agreement with Trollé et al. 

[4-5] proposing such index to account for high 

frequency content in tramway noise and with Sharp 

et al. [10] for railway noise. Amplitude fluctuations 

appeared to be an annoying acoustical factor in the 

current study. This is in line with Terroir and 

Lavandier’s findings [11], who conducted 

preference analyses on data collected during a 

listening test for high speed train pass-by noises and 

highlighted influence of temporal features. Trollé et 

al. [4-5] also mentioned such temporal features for 

annoyance due to tramway noise, with the verbatim 

of “irregular / continuous character” of the pass-by 

noises. Indices from the literature and new index 

were tested to account for amplitude fluctuations. 

Correlation coefficients between indices and 

annoyance ratings were in agreement with literature 

findings (e.g. [3] for regular fluctuations at low 

modulation frequency or [7] for both regular and 

irregular fluctuations present in urban road traffic 

noise). Duration of stimuli appeared to have no 

influence on annoyance ratings (r=0.29, p=0.18). 

This is in link with Paulsen’s findings [12], stating 

that stimulus duration of transportation noise 

ranging from 1 to 80 s had a very limited influence 

on annoyance judgments, and also in agreement 

with Trollé et al. [4-5] who found no effect on 

annoyance of stimuli duration ranging from 8 to 

25.5 s in case of tramway pass-by noises. However, 

participants could explain their annoyance ratings 

by the duration of specific annoying acoustical 
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features of a stimulus, such as regular fluctuations. 

Modifications of existing indices were proposed to 

account for duration of such specific acoustical 

factor. The corresponding new indices were 

significantly correlated with annoyance ratings. 

Future steps of this work would be to build 

annoyance models based on the different indices 

highlighted in this study, and to test such 

annoyance models. This final step is essential to 

assess whether considering such indices in 

annoyance models would allow to enhance current 

annoyance models only based on mean energy-

based index. 

 

5. Conclusions 

This study dealt with the assessment of annoyance 

due to railway noise in order to contribute to the 

long-term aim of enhancing annoyance model only 

based on mean energy-based index. An experiment 

was carried out to identify annoying auditory 

sensations evoked by railway pass-by noises in 

urban areas, and to characterize such annoying 

sensations by relevant indices. Annoyance ratings 

and free verbalization were gathered. From the 

verbatim, four acoustical factors were found to 

explain participants’ annoyance ratings: sound 

intensity, spectral content, amplitude fluctuation 

and fluctuation duration. Indices from the literature 

were found to be relevant, such as TETC to account 

for high frequency content or σ’(N) for amplitude 

fluctuations. New indices were proposed to account 

for amplitude fluctuation and fluctuation duration 

during the train pass-by. Perspectives of this study 

would be to determine railway annoyance models 

based on these different relevant indices and to test 

the models.  
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