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ABSTRACT 

Sound emissions of wind turbines play an important role for their acceptance. In order to understand the 

impact of these emissions on residents it is important to measure it accurately. Often this is done with a single-

item measure of annoyance. With the Annoyance-Stress-Scale a more nuanced approach to this problem is 

presented [1]. An empirical application in an interdisciplinary research project on noise annoyance of wind 

turbines is provided: In the proximity of a wind farm in southern Germany residents were interviewed along 

a standardised questionnaire (n = 148) and were able to use a noise reporting app to document their annoyance 

in real-time and synchronous with sound, ground motion, and meteorological measurements. The app data 

(n = 11) indicate higher complaint rates in the early morning, evening and night hours. Changes in rotation 

rate, as well as high rotation rates are associated with resident complaints. Both rotation configurations occur 

under different wind directions, and affect residents in different situations–with regard to location, day time, 

and activity. 
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1. SOUNDS OF WIND TURBINES – ANNOYANCE AND ACCEPTANCE 

 

The consequence of climate change become increasingly evident. Even more, the need for climate 

protection as well as energy independence from finite resources is demonstrated by ongoing wars. In 

democratic societies, the energy transition from finite to sustainable resources needs to include 

citizens, especially the local residents living in the vicinities of renewable energy plants.  
So far, wind energy seems to be the most important pillar of the energy transition. The expected 

or experienced annoyance of WT noise [1,2,3] is one of the major acceptance factors of residents’ 

acceptance. The worries about the effects of noise emissions can initiate negative social dynamics 

early on and can result in long-term opposition [4, 5]. Consequently, the understanding of how wind 

turbine sounds become annoying noise is of high relevance. Over the last decade, this relevance is 

mirrored in the increasing research on wind turbines emissions and their impact on residents [e.g., 1, 

3, 6, 7, 8, 1, 9, 10, 11, 12, 13, 14, 15]. 

While epidemiological studies assess if wind turbines do have negative health effects on residents 

[e.g., 12, 13, 16], laboratory studies mainly investigate acoustical characteristics of wind turbine 

sound linked to annoyance [e.g.,17, 18, 19]. Both approaches provide most relevant information, yet, 

field studies are also needed to uncover the complexity of realistic settings. The prevalent field studies 

rely on subjective annoyance evaluations of residents, predominantly [e.g., 1, 3, 6, 7, 9, 10, 11, 15, 

20]. To overcome the shortcomings of subjective evaluations, recently some studies combined 

objective with subjective measures, assessing residential complaints in tandem with wind turbine 
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emissions [8, 14, 21, 22]. Still, open questions remain concerning specific annoying situations – a 

precondition to derive effective mitigation measures.  

To provide a better understanding of specific annoying situations the present interdisciplinary 

study combines a real-time noise reporting app with synchronous objective data. 

2. DETECTING NOISE ANNOYANCE SITUATIONS – SUBJECTIVE AND 

OBJECTIVE MEASURES  

To detect noise impacts of wind turbines, epidemiological, laboratory and field studies are 

conducted. Epidemiological studies analyse if wind turbines do have negative effects on residents, 

investigating if diseases, e.g. cardiovascular diseases or diabetes, comparatively occur more often in 

the proximity of wind turbines [12, 13, 16]. These studies are important to understand stress effects 

of wind turbines, yet they do not allow conclusions about which circumstances exactly lead to noise 

annoyance and symptoms. Laboratory studies mainly investigate acoustical characteristics of wind 

turbine sounds that can be linked for example to annoyance and sleep disturbances [17, 18, 19, 23, 

24]. However, everyday circumstances, including geography, housing, weather, sleeping conditions 

as well as the context of a given wind farm (i.e. the process of wind farm planning and construction) 

are not considered. Field studies are designed to uncover the complexity of everyday circumstances 

[e.g., 1, 3, 6, 7, 9, 10, 11, 15, 20]. However, these studies mostly rely on subjective evaluations of 

residents. Only in recent years a handful of studies were conducted that combine objective with 

subjective measures, where residential complaints were assessed in tandem with wind turbine 

emissions [8, 14, 21, 22].  

One of the first combined-assessment studies used diary observations by annoyed residents, and 

measurements of acoustics and vibrations inside and outside residential buildings  [21]. Access to 

internal data and shutdown time periods enabled the assignment of measurement data to turbines and 

the measurement of background emissions. Although the study set a good example for subsequent 

research, the investigated hub height (69 m) is below today's standard and the results could differ 

considerably for today's wind turbines.  

More recent studies combined written noise diaries with recordings of sound pressure level, wind 

speed and direction [e.g., 8] or a smartphone app with calculated sound pressure levels, simulated 

meteorological data and operating data of the wind turbines [e.g., 14]. [22] simultaneously assessed 

acoustic, ground motion and meteorological measurements. However, additional interviews with 

residents were conducted but not synchronous to the measurements.  Thus, no direct link between 

factors influencing annoyance and wind turbine operation could be established. A shortcoming of the 

study from [8] is the small sample size of two residents, which questions the generalizability. Finally, 

[14] reached a larger sample (n = 68) but used calculated data and had their participants use the app 

in fixed locations. Likely, spontaneous annoyance responses, which are of essence in a real-life 

scenario, were left under detected by this approach.  

Based on the prevalent research, the present study aims to further develop a reliable approach for 

the evaluation of annoyance together with acoustics, ground motion and meteorological measurements 

as well as operational data [see 25].  

3. METHOD 

3.1 Location and Participants 

The location chosen was the southern Germany in municipalities of Kuchen, in the Swabian Alb. 

The local wind farm Tegelberg consists of three wind turbines (hub height 139 m, rotor 

diameter 120 m, 2.78 MW rated power). Overall, 148 residents of the wind farm were recruited for 

interviews (mean age M = 62.55 years; SD = 11.72, range = 24–83 years). A larger proportion of 

males participated (68.6 %). None of the participants received financial benefits from the local wind 

farm or was working in the wind energy industry. Out of the total sample, a smaller proportion of 46 

participants agreed to use a real-time annoyance app, an even smaller group (n = 11) actually did so.  

3.2 Procedure and Assessments 

In a first step, standardized questionnaire telephone interviews were conducted with the 148 

residents in the second half of 2020. The questionnaire included 311 items adopted from previous 

studies on stress effects of wind turbine emissions [e.g., 1, 26], topics were, for example, annoyance 
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concerning wind turbine emissions, including somatic and psychological symptoms associated with 

wind turbine noise as well as the description of specific noise situations, and a range of moderators, 

e.g., attitude towards the local wind farm, perception of the planning process.  

Participants were invited to use an app to report noise occurrences at any time, about a third 

(31.08 %) agreed to use it. These 46 participants had a higher level of noise annoyance (M = 3.05, 

SD = 0.96) compared to the non-user participants (M = 1.44, SD = 1.39, large effect size). This 

indicates a higher interest of those more strongly annoyed by wind turbine sounds .  

In the second step, the usage of the app enabled us to set the participants’ experiences in relation 

to simultaneous acoustic, ground motion, and meteorological measurements at different sites as well 

as operational data. Additionally, we had the chance to measure acoustic and ground motions inside 

and outside at the residencies of four strongly annoyed residents  [see 25]. This approach allowed for 

a differentiated analysis of annoying situations. Finally, 11 participants used the app in the same period 

in which the objective measurements were taken. 

4. RESULTS 

From the 148 participants 62.8  % (n = 93) heard wind turbine sounds. As typical annoying 

situations most commonly eastern winds, i.e. from the direction of the wind farm, (by 25.4  %), high 

wind speeds (62.7 %), and wet weather (53.1 %) were mentioned. Additionally, fog (22.4 %), and frost 

(18.4 %). The same pattern emerged for the 11 app users as for the overall sample: High wind speeds 

(72.7 %), and wet weather (36.4 %) were mentioned most often, with eastern (40 %) and western winds 

(40 %). Consequently, the 11 app users seem to represent the overall sample.  

Between October and December 2020, the 11 users made 104 noise reports in the app. As shown 

in Table 1, noise reports coincided predominantly with two patterns of rotational speeds of the wind 

turbines, i.e., a pattern of a constant and high rotation rate (33.7  % of noise reports) and a high 

variability of rotational speeds across the three turbines during the hour of the report (27.9  %). 

 

Table1 

Patterns of rotational speed during resident noise reports. For each noise report, six 10 min intervals 

are considered: the 10 min interval of the report and the five preceding intervals. 

Rotational patterns Frequency % 

Constant medium rotational speed (7 – 10 rpm) of all 3 WTs 10 9.6 

Constant high rotational speed (10 – 12.5 rpm) of at least 1 WT 35 33.7 

Low variability (SD < 1) 17 16.3 

SD 1 – 2 11 10.6 

SD 2 – 3 2 1.0 

High variability (SD > 3) 29 27.9 

Total 104 100 

 

In Table 2 the patterns are contrasted in detail with regard to the measurement data and the app 

reports by residents. The patterns occurred under different weather conditions. High rotational speeds 

were mostly associated with the main wind direction, west wind (60 %), while the wind directions 

were less consistent for high variability. The average wind speed and turbulence intensity were higher 

for high rotational speeds. The shear coefficient α indicates that there were larger differences in wind 

speed between air layers in different heights (3  m – 100 m) for the pattern of high variability. 

While sound pressure levels (SPL) were, on average, higher during high rotational speeds, both at 

the wind farm and the residential sites, the variability of SPL was, as expected, significantly higher 

for the high variability pattern. For both patterns ground motions measured at the residential s ites 

were far below the perception threshold, which is considered to be at 100  µm/s [27]. 

Residents reported a moderately high level of annoyance during both patterns. Differences in their 

reports pertained to the predominant description of sounds (rotor / aircraft sounds vs. swooshing and 

droning) as well as the annoying situation: High variability was associated with nighttime situations 

inside when respondents tried to fall asleep, while high rotational speeds additionally affected daytime 

and leisure activities outside. 

 

 

 

 



 

 

Table 2 

Selected characteristics of the most common pattern of rotational speeds with regard to weather 

conditions, acoustic and ground motion data, and subjective reports  

 Constant high 

rotational speed 

(M, SEM / %) 

High variability 

(M, SEM / %) 

Cohen’s d 

Wind direction 

East 

South-east 

South 

South-west 

West 

 

8.6 % 

14.3 % 

2.9 % 

11.4 % 

60.0 % 

 

17.2 % 

27.6 % 

13.8 % 

17.2 % 

17.2 % 

– 

Wind speed 8.64 m/s (0.24) 7.17 m /s (0.30) 0.98 

Shear coefficient α 0.374 (0.030) 0.445 (0.033) 0.67 

Turbulence intensity I 0.148 (0.009) 0.118 (0.011) 0.94 

Sound pressure levels (LAeq 20 – 10.000 Hz) at 

wind farm 

56.14 dB(A) 

(0.35)  

50.73 dB(A) 

(0.65) 

1.88 

Sound pressure levels (LAeq 20 – 10.000 Hz) 

outside residential building 

45.94 dB(A) 

(1.05) 

41.87 dB(A) 

(0.89) 

0.96 

SD of LAeq 20 – 10.000 Hz at wind farm 0.57 (0.05) 5.64 (0.58) 2.02 

Maximum ground motion in residential buildings 

(vertical component: 12 – 45 Hz) 

20.05 µm/s (6.40) 10.15 µm/s 

(1.84) 

ns. 

Noise annoyance (0 = “not at all” – 4 = “very”) 2.70 (0.30) 3.10 (0.15) ns. 

Sound description 

Sounds ascribed to rotor blades 

Aircraft sounds 

Swooshing 

Droning 

 

20.0 % 

22.9 % 

22.9 % 

11.4 % 

 

20.7 % 

17.2 % 

20.7 % 

34.5 % 

– 

Location during report 

Inside 

Outside 

 

53.3 % 

46.7 % 

 

96.3 % 

3.7 % 

– 

Daytime 

22:00 – 06:00 

06:00 – 14:00 

14:00 – 18:00 

18:00 – 22:00 

 

34.3 % 

42.9 % 

5.7 % 

17.1 % 

 

48.3 % 

3.4 % 

0.0 % 

48.3 % 

– 

Disturbed activity 

Falling asleep 

Sleeping 

Leisure time 

 

3.1 % 

21.9 % 

28.1 % 

 

40.7 % 

25.9 % 

11.1 % 

– 

Note: ns. = non-significant difference, M = Mean, SD = Standard Deviation, SEM = Standard error of 

the Mean. 

 



 

 

5. Summary and Discussion 

The results confirm that the combination of objective measurements, operational data and 

subjective reports enhances the understanding of annoying wind turbine sounds. It corroborates earlier 

findings that SPL alone cannot adequately explain wind turbine noise annoyance, as annoyance can 

occur even at low SPLs. The use of the real-time app enables a differentiated analysis of which 

phenomenon can cause the nuisance even at low SPL: The data provide empirical evidence that a high 

variability of the rotational rate is related to the annoyance even in case of lower SPL. That phenomena 

appears especially during night hours–when background noise becomes lower, e.g., traffic noise (see 

presentation of Laura Gaßner and colleagues). One possible explanation might be that a change in 

sound quantity and quality draws the attention of residents. In contrast, during the day, annoyance 

from constant high rotational speed seem more likely. Additionally, fog and high humidity in general 

seem to foster annoyance. From these results, technical mitigation measures can be derived, the 

effectiveness of which should then be evaluated in further field experiments.  

From a practical perspective, there are also further possibilities for utilization: While the 

measurements in- and outside at the four residential buildings provided important information 

regarding sound (see presentation of Esther Blumendeller and colleagues) and vibrations, they did not 

yield additional results concerning the characterization of specific noise annoying situation. 

Accordingly, it can be assumed that the combination of the objective data and the subjective app 

reports differentiated the specific annoyance situation sufficiently. When it comes to determining the 

cause of wind turbine noise on site, the use of the app with the affected persons and its combination 

with the objective data could offer an analysis approach and starting points for mitigation measures. 

In practice, this procedure should be much easier to implement than measurements at single residential 

buildings. How valid such an approach would be should be investigated in further field studies. 

However, the present findings should also be viewed critically. Because whether the residents were 

really not annoyed at the times when they did not send an app report or just could not or did not want 

to use the app remains an open question. To overcome this shortcoming, we plan combined 

spontaneous as well as fixed app usages in the next step in the Inter-Wind project. 

Overall, the inter- and transdisciplinary field experiments approach seems promising to further 

enlarge the understanding of annoyance due to wind turbine sounds. An important contribution for a 

socially acceptable expansion of sustainable wind power use.   
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ABSTRACT 

Within five exposed areas in Germany, the effects of wind turbine (WT) noise on annoyance and disturbances 

were assessed, with a total of 463 participants living at a distance to the nearest WT of up to 5 km. Exposure-

response analysis was carried out for the percentage of people highly annoyed (HAV) by WT noise with 

annoyance assessed according to ISO/TS 15666. With a correlation of r = .26, the effect size of the noise 

rating level Lr,24hrs (LAeq for daytime and nighttime) on WTN annoyance is small. Other contextual factors 

contribute to the explanation of the annoyance. Particularly, these are the visual impacts of the WT, lack of 

recreation, reduced sojourn quality outdoors, and negative attitudes towards the local WT. The results further 

indicate that the WT amplitude modulations seem to affect the noise annoyance. Following suggestions from 

the literature, a composite annoyance score based on factor analysis, including annoyance due to noise, visual 

impacts, and stress-related responses regarding WT-induced lack of recovery outdoors, was constructed and 

related to the distance to the nearest WT. Results of exposure-response analysis regarding the composite score 

are presented at the conference. 

 

Keywords: Wind turbine noise, annoyance, community response, visual effects 

1. INTRODUCTION 

In order to reduce further global negative consequences of climate change and to allow energy 

consumption independent from fossil fuels, there is a need to enforce energy transition to renewable 

energy. For this, as in many other countries, the German government plans to considerably extend the 

number of wind turbine (WT) installations on land and the number and size of areas designa ted for 

constructing WT. These sites are mostly located in rural areas, where relatively few residents live 

nearby. Nevertheless, on a local level, in the vicinity of areas dedicated to WT construction or near 

already installed WT, residents and local stakeholders often complain and oppose to the construction 

and use of the WT. Among others, noise from WT (WTN), visual characteristics of the WT, and 

encroachment on nature and species conservation at the rural site of the WT installation belong to the 

most mentioned reasons for opposition against WT (1). To address complaints regarding WTN and 

visual WT features and to support local acceptance of WT, values of the minimum distance of WT to 

residential buildings are set for the construction of WT by the responsible authorities. Examples are 

the Bavarian 10H-regulation (minimum distance being 10 times the height of the WT) (2), or the 

minimum distance set to 1000 m as in the German Federal Bill to increase and accelerate the expansion 

of onshore wind turbines (3). In Austria, minimum distances vary between counties, for example, 100 

to 1000 m depending on the maximum capacity of the WT (Upper Austria), or 750 to 2000 m 

depending on the land us (Lower Austria). In Denmark, a minimum distance of four times the total 

height of the WT is mentioned, in France a minimum distance of 500 m (4). All these minimum 

distances are set more or less arbitrarily, without clear evidence of whether these distances (and which 

of them) allow for protection against aversive WT effects such as annoyance due to WTN.  Such 

evidence could be provided by information on the annoyance due to WT related to distance.  

In this study, we studied the effects of noise from onshore WT on annoyance and disturbance.  We 

analyzed the exposure-response relationship for noise annoyance and investigated further contextual 

factors contributing to annoyance. We further combined several judgments of annoyance and stress-
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related disturbance responses to WT to a combined annoyance score and analyzed the relationship 

between the percentage of people highly (in total/combined) annoyed by WT and the distance between 

respondents' home addresses and the nearest WT.  

  

2. METHODS 

2.1 The study sites  

The survey was conducted in the vicinity of five WT locations in Germany, taking different 

topographical conditions into account.Residential areas up to a distance of 5 km to the nearest WT 

were defined as study sites. Table 1 shows the key characteristics of the WT locations. 

 

Table 1 – Characteristics of wind turbine study areas (SA) of the German WTN study 

 SA 1 SA 2 SA 3 SA 4 SA 5 

Location in Germany Central West North East South 

Number of wind turbines 3 1 6 21 10 

Wind turbine power class 2 – 3 MW 3 MW 2 – 2.5 MW 2.5 – 3 MW 2.5 MW 

Wind turbine rotor diameter 80 – 100 m c. 130 m 90 – 100 m 110 – 120 m c. 120 m 

Wind turbine hub height c. 140 m c. 135 m c. 100 m c. 140 m c. 140 m 

Wind turbine location Open field Edge of 

forest 

Open field Open field Forest 

Topography Slightly 

hilly 

Very hilly Flat Flat Hilly 

Surrounding elevation 

above sea level 

350 – 450 m 200 – 400 m 7 – 14 m 40 – 60 m 280 – 400m 

Immission location 

elevation above sea level 

380 m 345 m 7 m 50 m 340 m 

Wind turbine elevation 

above sea level 

400 – 410 m 320 m 10 – 14 m 35 – 55 m 360 – 380 m 

 

2.2 Sample 

Address data of each adult living within 5 km to the nearest WT were obtained from the local 

registry office. A random sample was drawn, and the selected people were contacted by mail, 

informing them about the study and Privacy poliy and inviting them to participate in the survey. All 

in all, a number of 468 participants were surveyed. For five participants, the noise rating levels were 

not available due to a lack of clarity about the geo-coordinates of their home addresses. Thus, the 

exposure-response analysis refers to a total of 463 subjects. 

2.3 Assessment of WTN exposure 

The source-specific WTN was modeled for the home address of each participant. The calculations 

were done according to the German interim procedure for WTN rating level prediction (5, 6). The 

calculations were carried out using the Soundplan software package (version 8.2). Noise rating levels 

(continuous sound levels LAeq) were calculated for daytime (6 a.m. to 10 p.m.) and nighttime (10 p.m. 

to 6 a.m.). As for the modeling, a continuous 24-hours WT operation was assumed. For each address, 

the rating level for daytime (Lr,day) is equivalent to the rating level for nighttime (Lr,night). Therefore, 

in the exposure-response analysis, the exposure to WTN is expressed in terms of a 24-hours noise 

rating level Lr,24hrs. 



 

 

2.4 Assessment of community responses to WT 

In the telephone interviews and online questionnaire, long-term annoyance due to noise from WT 

within the past 12 months was assessed by means of a 5-point rating scale ('ICBEN scale', 7). The 

WTN annoyance was surveyed in total, and separately for outdoors and indoors.  

The perceived disturbances due to WTN were assessed regarding the disturbance of activities at 

daytime, such as spending time and relaxing outdoors (on the terrace, the balcony, in the garden), 

communicating indoors and outdoors, watching TV, listening to the radio, having a phone call, 

socializing at home. The intensity of disturbance was assessed using the  verbal categories of the 

ICBEN 5-point rating scale. WTN sleep disturbance was assessed as the mean of responses on one of 

the verbal categories of the ICBEN 5-point scale referring to disturbances when falling asleep, during 

sleep at night, and sleeping in.  

To assess the visual annoyance due to WT, the respondents judged the annoyance owing to the 

visibility of the WT, the shadowing, the aviation obstruction lighting, the rotary movements, and the 

WT's effects on the landscape. 

Attitudes towards the WT that reflect a lack of recreation and reduced sojourn quality outdoors 

were assessed by the degree of agreement to statements that WT operation hinders spending time 

outside at home and that WT operation makes recreation outdoors more difficult. The degree of 

agreement was assessed using a 5-point verbal rating scale from 1 (not true) to 5 (very true).  Two 

other WT attitude scores based on the agreement to items on the same 5 -point scale refer to negative 

consequences of WT operation (e.g. mismatch with landscape, land depreciation) and positive 

implications of WT operation (new jobs, reduction in electricity costs). Also, socio-demographics, 

such as gender, age, and socioeconomic status were assessed. The whole questionnaire and main 

survey results are described in (8). 

2.5 Procedure 

A sample was drawn within each study area based on the registry office data. An invitation letter 

was sent to each sampled person. The surveys in the first two study areas (SA1 and SA2) were carried 

out within the time period from November 2018 to July 2019. In SA3 to SA5, the surveys took place 

between June 2020 and April 2021, interrupted by lock-down periods due to the COVID-19 pandemic. 

All surveys were conducted as telephone interviews or by filling in the questionnaire online.  After the 

surveys were completed, the noise rating level as well as the distance to the nearest WT in meters 

were assessed for each participants’ address. 

3. RESULTS 

3.1 Descriptives 

Survey and exposure data are available for 463 participants; 51.6% of them are female. The age 

ranged from 19 to 91 years (M = 59, SD = 13.6).  

The participants were exposed to The average WTN exposure was 31.3 dB Lr,24hrs (SD = 5.5) with 

a minimum of 17 dB and a maximum of 43 dB. The distance to the nearest WT ranged from 645 to 

4099 m (M = 1902.3, SD = 664.3). Descriptives of the community responses to WT are presented in 

Table 2. 

 

Table 2 – Descriptives (percentage, mean (M), standard deviation (SD)) of community responses to WT 

Variable Rating scale   

 1 

not at all1 

not2 

2 

slightly1 

little2 

3 

mode-

rately1, 2 

4 

very1 

rather2 

5 

extremely1 

very2 

M SD 

WTN annoyance - total1 66.3 13.4 7.1 6.5 6.7 1.74 1.24 

WTN annoyance – outdoors1 65.4 13.9 8.4 6.1 6.3 1.74 1.22 

WT disturbs outdoor stay2 48.3 17.4 14.1 11.0 9.1 2.15 1.37 

Disturbance of relaxation 61.8 16.8 9.1 8.0 4.3 1.76 1.17 



 

 

outdoors1 

Communication disturbance 

outdoor1 

67.8 14.5 8.4 6.3 3.0 1.62 1.07 

WT makes loc. recreation 

outdoors difficult2 

35.9 19.7 15.5 13.7 15.1 2.52 1.47 

WT visibility disturbs1 60.4 15.6 10.4 6.1 7.6 1.85 1.27 

WT shadowing disturbs1 80.7 9.0 5.0 2.6 2.6 1.37 0.90 

WT aviation obstruction 

lighting disturbs1 

66.7 11.7 7.7 5.5 8.4 1.77 1.29 

WT rotary movements 

disturb1 

72.9 10.6 7.8 4.1 4.5 1.57 1.09 

WT effect in the landscape is 

annoying1 

40.1 18.7 17.1 11.3 12.8 2.38 1.43 

WTN disturbs when falling 

asleep1 

81.8 8.0 5.8 2.8 1.5 1.34 0.83 

WTN disturbs night sleep1 86.1 6.1 3.7 2.8 1.3 1.27 0.77 

WTN disturbs sleeping in1 85.5 6.5 4.1 3.3 0.7 1.27 0.75 

 

3.2 Exposure-response relationships for annoyance and sleep disturbance 

Exposure-response relationships were estimated for the percentage of persons highly annoyed 

(%HAV) and the percentage of persons highly sleep disturbed (%HSDV*) by WTN (Figure 1).  

 

  

Figure 1 –Percentage of persons highly annoyed (%HAV, left) and highly sleep disturbed (%HSDV*, right) 

due to WTN against the noise rating level Lr,24hrs 

 

According to the ISO/TS 15666:2021 definition of high annoyance, a cut-off value of 60% of the 

response scale was used. That is, persons in the upper two categories of the ICBEN 5-point scale 

(upper 40% of the scale) are defined as being highly annoyed (HAV). Similarly, high sleep disturbance 

is defined on the basis of response score values lying in the upper 40% range of the response scale. 

Note that in this study, the sleep disturbance score is the mean of responses on a 5-point scale of three 

items, with a score value ranging from 1 (not at all disturbed) to 5 (extremely disturbed). Therefore, 

sleep disturbance score values greater than 3.6 form the upper 40% of the combined scale and define 



 

 

high sleep disturbance (HSDV*). Figure 1 shows, as expected, higher %HAV outdoors against outdoor 

WT Lr,24hrs than %HAV indoors against outdoor WT Lr,24hrs. The exposure-response relationship 

for %HAV due to WTN in total is similar to that for %HAV outdoors. The %HSD-curve turns out to be 

flatter and lower than the %HAV-curve indoors.  

 

Table 3 – Correlations r between community responses to WT, WTN exposure, and distance 

Category Items WTN 

annoyance 

- total 

Lr,24hrs Distance 

(m) 

WTN 

annoyance 

WTN annoyance - total - 0.263 -0.183 

WTN annoyance - outdoors 0.910 0.272 -0.194 

WTN annoyance - indoors 0.752 0.219 -0.154 

WTN 

disturbance 

outdoors 

Disturbance of relaxation outdoors 0.830 0.266 -0.193 

Communication disturbance outdoors 0.802 0.283 -0.181 

WTN 

disturbance 

indoors 

WTN disturbs conversation or phone calls 0.435 0.139 -0.074 

WTN disturbs listening to radio/music, watching TV 0.390 0.124 -0.084 

WTN disturbs reading, concentration 0.458 0.126 -0.084 

WTN disturbs relaxation at home 0.443 0.127 -0.068 

WTN disturbs socializing, having visitors 0.398 0.130 -0.076 

WTN sleep 

disturbance 

WTN disturbs when falling asleep 0.645 0.154 -0.100 

WTN disturbs when sleeping in the night 0.583 0.158 -0.113 

WTN disturbs when sleeping in 0.620 0.189 -0.141 

WTN sleep disturbance (Score) 0.631 0.181 -0.125 

Lack of  

recreation, 

sojourn 

quality 

outdoors 

WT disturbs outdoor stay 0.624 0.096 -0.006 

WT makes local recreation outdoors difficult 0.617 0.140 -0.078 

WT 

annoyance 

visual 

features 

WT shadowing disturbs indoors 0.421 0.061 -0.079 

WT visibility disturbs 0.636 0.031 -0.005 

WT shadowing disturbs 0.574 0.068 -0.055 

WT aviation obstruction lighting disturbs 0.589 0.094 -0.073 

WT rotary movements disturb 0.702 0.146 -0.084 

WT effect on landscape is annoying 0.616 0.064 0.000 

Attitudes 

towards local 

WT 

Positive implications of local WT operation -0.307 0.010 0.004 

Negative consequences of local WT operation 0.442 -0.198 0.164 

Correlation coefficients highlighted in red are statistically not significant. 

 



 

 

The linear relationship between WTN rating level and WTN annoyance is low to moderate (0.21 < 

r < .27). This indicates a small effect size of WTN exposure on WTN annoyance. The correlation 

between WT noise exposure and WTN sleep disturbance is even lower (r < 0.20; Table 3). 

Further analysis indicates that WTN annoyance is related to other community responses to WTN 

or to the local WT in general. Among these are the perceived WT sound characteristics, particularly 

"whooshing," which is often understood as the subjective perception of amplitude modulations (AM) 

of WT sound. The stronger respondents agree to WTN as being characterized by 'whooshing', the more 

they are annoyed by WTN (r = .414, p < .01). In addition, the average WTN annoyance in the five 

study areas corresponds with the frequency of occurrence of detected, stable (periodic) AM in these 

areas. This again hints at the association between AM and WTN annoyance (see also 8, 9).  

All items referring to disturbances and impairments owing to features of the local WT (noise and 

other features) correlate in the range of 0.39 ≤ r ≤ 0.91 with the total WTN annoyance (Table 3). 

Except for annoyance judgments due to visual WT features, all other WT responses are weakly 

correlated with WTN exposure (0.09 ≤ r ≤ 0.28). Only the WTN annoyance, the WTN disturbances 

outdoors, and the WT-associated sleep disturbance correlate weakly with the distance to the nearest 

WT (-0.19 ≤ r ≤ 0.10). Attitudes towards local WT operation show a moderate association with WT 

annoyance (positive attitudes: r = -0.31, negative attitudes: r = 0.44). The negative attitudes in addition 

correlate both with WT noise exposure (r = -0.20) and with WT distance (r = 0.16).  

 

Table 4 – Factor loadings of items reflecting judgments of local WT features 

Items 

Annoyance 

(outdoor) (F1) 

Disturbance 

indoor (F2) 

Sleep distur-

bance (F3) 

WT effect on the landscape is annoying 0.907     

WT visibility disturbs 0.898   

WT rotary movements disturb 0.846   

WT makes local recreation outdoors difficult 0.805   

WT aviation obstruction lighting disturbs 0.793   

WTN annoyance - total 0.792   

Communication disturbance outdoor 0.739   

Disturbance of relaxation outdoors 0.731   

WTN annoyance - outdoors 0.713   

WT disturbs outdoor stay 0.710   

WT shadowing disturbs 0.504     

WTN disturbs socializing, having visitors   0.967   

WTN disturbs reading, concentration   0.944  

WTN disturbs listening to radio/music, watching TV   0.934  

WTN disturbs relaxation at home   0.842  

WTN disturbs conversation or phone calls   0.837   

WTN disturbs when sleeping in the night     1.015 

WTN disturbs when sleeping off     0.925 

WTN disturbs when falling asleep     0.899 

WTN annoyance - indoors     0.465 

WT shadowing disturbs indoors 0.305 0.223 0.135 

 

 

 



 

 

The correlation coefficients support suggestions to develop a composite WT annoyance score ( 10, 

11) comprising several features of WT (10) as well as stress-related responses (WTN disturbances; 

11). Accordingly, such a composite score was calculated. First, the factor structure of the items listed 

in Table 3 (except the positive and negative attitudes towards WT) was analyzed by means of factor 

analysis (principal axis analysis). A Promax rotation was chosen to allow for correlated sub-concepts 

(factors). The results of the factor analysis yield three factors, altogether explaining 71% of the 

variance. Two factors include WT disturbance indoors (F2) and WT sleep disturbance (F3). The first 

factor (F1) comprises assessments of WTN annoyance and WTN disturbances outdoors, annoyance 

due to visual WT features, and judgments on the lack of recreation and reduced sojourn quality 

outdoors due to neighboring WT (Table 4). The composite WT annoyance score developed is the mean 

of all items included in factor F1 (Cronbach's alpha = 0.95) with a value range from 1 to 5 and higher 

values indicating higher annoyance. Those participants with composite annoyance scores > 3.4 (upper 

40% of the composite annoyance scale) were defined as being highly annoyed (%HAV*,composite).  

 

3.3 Annoyance and disturbance responses related the distance to WT 

Figure 2 shows the results of logistic regression models on the probability of being highly annoyed 

and sleep disturbed, respectively, as predicted by the distance to the nearest local WT for the 

composite WT annoyance, WTN annoyance, and WTN sleep disturbance. Following the 

Environmental Noise Guidelines of the World Health Organization (WHO, 12) 10 %HA defines the 

benchmark of a relevant risk increase. Applying this benchmark to the exposure-response curves in 

Figure 3 reveals that a distance to the nearest local WT between approximately 1200 m (for composite 

WT annoyance) and 1600 m (for WTN annoyance) corresponds with the threshold for the relevant 

increase in the risk of high annoyance. For HSD, for which WHO defines a benchmark of 3%, the 

corresponding distance would be about 2400 m. 

 

Figure 2 – Probability of being highly annoyed (HAV,noise HAV*,composite) and sleep disturbed (HSDV*) 

predicted by the distance (m) to the nearest local WT 

4. CONCLUSIONS 

With a total of 463 participants in a socio-acoustic survey conducted around five WT locations, 

the impact of WTN on residents' annoyance and disturbances were investigated. The correlation 

between the noise rating level and WTN annoyance was low to moderate, indicating an exposure-

response relationship for WTN annoyance with a low effect size. Other WT responses strongly 
associated with WTN annoyance are WTN disturbances and reduced sojourn quality outdoors, 

annoyance due to visual WT features, and the perceived lack of outdoor recreation due to neighboring 



 

 

WT. These WT responses were summarized to a combined score of WT annoyance following 

respective suggestions in previous research on responses to WT and WTN. The percentage of persons 

highly annoyed by WT (in total/combined; (%HAV*,composite) was related to the distance between 

respondents' home address and the nearest WT. Applying the WHO benchmark for high (noise) 

annoyance as relevant health risk (10 %HA) (12) to the distance-annoyance curves in this study results 

in maximum distance values between approximately 1200 m to 1600 m depending on the kind of WT 

annoyance considered. 
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ABSTRACT 

Most socio-acoustic surveys on community responses to noise refer to retrospective judgments of long-term 

noise annoyance. The technical specification ISO/TS 15666 includes recommendations for the assessment of 

long-term noise annoyance. In recent years, more research focussed on assessing acute or short-term noise 

annoyance. These studies address a broad range of noise-related topics such as repeated measurements of 

annoyance at different times of a day, annoyance due to rare noise events (e.g. shooting noise) and to rela-

tively new noise sources, for which no results on long-term annoyance exist, yet (e.g. low sonic boom). In 

soundscape research, the assessment of acute sound perception is more common and guided by ISO standards 

and technical specifications. In this contribution, we reflect on methodological issues of short-term noise 

annoyance assessment, and the relation to long-term noise annoyance. We propose guidance on studying 

community short-term responses to noise in socio-acoustic surveys. 

 

Keywords: Noise annoyance assessment, short-term noise annoyance, experience-sampling, in-situ assess-

ment 

1. INTRODUCTION 

Noise annoyance belongs to the most important and prevailing health-related outcomes of envi-

ronmental noise and, therefore, is one of the most studied noise response in socio -acoustic surveys. 

According to estimations of the World Health Organization about 1.6 million disability-adjusted live 

years (DALYs) get lost in West Europe due to environmental noise with 654'000 DALYs accounted 

for by noise annoyance (1). General exposure-response functions for the percentage of people highly 

annoyed due to environmental noise (mostly due to transportation noise) have been developed and 

updated since the 1970s (2-3). International recommendations and technical specifications for the 

assessment of noise annoyance have been published in order to allow for study results on noise an -

noyance being internationally comparable (4).  

All these research efforts refer to long-term noise annoyance, i.e. noise annoyance that is assessed 

in socio-acoustic surveys as quantified retrospective judgments on a rating scale referring to a past 

period of time (e.g. the last 12 months). 

In recent years, an increasing number of socio-acoustic field studies have been published referring 

to noise annoyance as a response to a single event or to a short time period of specific days under 

study (e.g. one hour, past night). This is the short-term noise annoyance (5-6). Of course, the short-

term noise annoyance assessment has a long tradition in laboratory studies where participants respond 

to reproduced sounds. In this contribution, we refer to short-term annoyance assessment in field stud-

ies outside the laboratory. The assessment of the perception of the acoustic environment in -situ 

(soundwalks, behavioral observations, 7) is quite common in soundscape research. Similarly, walking 

interviews are used for the assessment of children's perception of place and its impact on the children's 

well-being. For example, within the ongoing European project Equal-Life (8) walking interviews are 

used for the assessment of preschool children's perception of their neighbourhood including social 

and physical aspects, among them environmental noise. 

Methods of data collection in soundscape research including methods for assessments in-situ are 

specified in the technical specification ISO/TS 12913-2 (9). To the knowledge of the authors, for the 

assessment of short-term annoyance no such standards or technical specifications exist.   
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In this contribution, we discuss definitional and methodological issues of short-term noise annoy-

ance and its assessment. A promising way of studying short-term annoyance within a socio-acoustic 

survey is by means of mobile devices and applications. Such studies mainly follow the experience 

sampling method (ESM, 10). The use of the ESM approach for the assessment of short-term or event-

related noise annoyance is reflected upon and some guidance is proposed. 

2. DEFINITION OF NOISE ANNOYANCE 

2.1 Long-term noise annoyance 

According to the systematic review on environmental noise annoyance (3) prepared for the Envi-

ronmental Noise Guidelines of the World Health Organization (WHO, 11) (environmental) noise an-

noyance "as observed in surveys is a retrospective judgment, comprising past experiences with a noise 

source over a certain time period." In this review, the authors explicitely consider the noise annoyance 

response as related to long-term exposure. Accordingly, in the WHO environmental noise guidelines 

'annoyance' refers to long-term noise annoyance (11, p. 11). The review (3) further defines the multi-

faceted noise annoyance response as usually containing three elements. These elements are:  

(1) a behavioral element: an often repeated disturbance due to noise (repeated disturbance of 

intended activities, e.g., communicating with other persons, listening to music or watching 

TV, reading, working, sleeping), and often combined with behavioral responses in order to 

minimize disturbances; 

(2) an emotional/attitudinal response (anger about the exposure and negative evaluation of the 

noise source); and 

(3) a cognitive response (e.g., the distressful insight that one cannot do much against this un-

wanted situation). 

Many researchers regard long-term noise annoyance as a stress response involving the perception 

of noise as an environmental threat and behavioral, affective, and cognitive responses to it (e.g. 12). 

2.2 Short-term noise annoyance 

For short-term annoyance, no clear, consistent or standardized definition is known to the author s, 

particularly regarding the time period "short-term". In laboratory studies, 'short-term annoyance' re-

fers to judgments of annoyance to sounds respondents are exposed to continuously or in terms of 

distinct single events during the experiment. The annoyance as assessed in the laboratory has also 

been called 'functional annoyance', 'acute annoyance', or 'activity disturbance' (13).  

In socio-acoustic field studies, short-term annoyance is mostly described or defined by the 

(short) time period the annoyance response refers to, which is regarded as being closer to the event 

compared to retrospective long-term annoyance ratings that explicitely refer to an integrative gen -

eral reaction to a noise experienced in a (residential) environment (4). The referenced situation or 

time frame of the short-term annoyance assessment in field studies varies from single-event jud-

ments (e.g. 14) to annoyance ratings referring to a time period of one or a few hours, days, or a few 

weeks (15). According to (16) long-term annoyance and short-term annoyance represent the same 

concept and share the same causes and characteristics beside their different time frames. However, 

this seems not to be true in any case. First, short-term annoyance and long-term annoyance correlate 

moderately (r ~ .50; 5-6) with each other. Then, correlations with coping behavior and contextual 

factors are different and sometimes opposite in sign (17), indicating different mechanisms of re-

sponding to and coping with noise in-situ and on a long-term level. Both acoustic as well as non-

acoustic factors correlate with short-term and long-term annoyance. However, the association with 

noise exposure seems to be stronger for short-term than long-term annoyance (5-6). Whereas among 

the non-acoustic co-determinants personal and social factors (attitudes, dispositions) seem to be im-

portant predictors of long-term annoyance, they seem to be less relevant on a short-term level where 

mainly situational factors, i.e. factors that characterize the context of the noise situation, have an in-

fluence on annoyance (6). In line with these differences between short-term and long-term annoy-

ance, researchers point out that (the failure of) short-term coping strategies referring to 'here and 

now' differ from (the failure of) long-term coping strategies, the latter one involving perceived (loss 

of ) control as built up through repeated experience (18). 

 



 

 

3. ASSESSMENT OF NOISE ANNOYANCE 

3.1 Assessment of long-term noise annoyance 

Since the first field studies on community responses to noise, long-term noise annoyance has been 

assessed in various forms: as response to a single question on a rating scale, either verbal or numerical 

with different numbers of categories, as a sum or mean score of ratings on noise-induced disturbances 

of activities, as dissatisfaction with noise, affectedness by noise, or as distraction, anxiety, anger, 

exhaustion, frustration, disappointment and fear. Other forms of annoyance assessments that were 

used are free verbal descriptions, or semantic differential (19). The different methods of annoyance 

assessment turned out to be a challenge for meta- and re-analyses in terms of identifying the varia-

ble(s) in original studies that could be used as a general annoyance judgment and be compared and 

pooled with similar annoyance data of other studies. Based on recommendations of the International 

Commission on Biological Effects of Noise (ICBEN) the ISO/TS 15666 (2003, revised in 2021) spec-

ified the assessment of long-term noise annoyance in the home environment (4). According to (4) a 

verbal 5-point rating scale and a numerical 11-point scale should be used for the annoyance judgments. 

The recommended time period is "12 months or so", encouraging survey participants to give their 

general reactions to a stable acoustical environment at home, thus integrating their experiences over 

different times and locations at home. However, as dicussed in (4) a shorter time period may be ap-

propriate, if the study refers to a particular time, or the acoustic environment has recently changed, or 

the study is on the evaluation of the impact of a noise intervention.   

3.2 Examples of short-term noise annoyance assessment  

Whenever noise annoyance is studied in laboratory experiments, it is usually short-term noise an-

noyance referring to the time period of the laboratory session and to the sound respondents are exposed 

to during the experiment. There are numerous laboratory studies assessing short-term annoyance.  

In field studies, the assessment of short-term noise annoyance depends on the situation and the 

time frame the annoyance refers to. One study (16) introduced the term short-term annoyance in a 

model on the potential impact of nocturnal aircraft noise as the annoyance felt the day after a disturbed 

night, which might either be an accumulation of the annoyance felt during the night or a judgment 

resulting from the perception that the sleep has been disturbed. In several studies on the impact of 

noise on sleep, the authors followed the approach of assessing short-term noise annoyance in the 

morning as referring to the time period of the passing night (e.g. 20-21). Similar to the assessment of 

long-term noise annoyance, rating scales are used for the collection of the judgments of the degree of 

nocturnal short-term annoyance.  

Short-term annoyance has been studied and assessed referring to the annoyance due to noise at 

specific days. For example, in a field experiment systematically controlling helicopter noise, partici -

pating residents judged their daily helicopter noise annoyance in evening phone interviews ( 22). In 

this study, the reason for studying short-term annoyance in a field experiment instead of long-term 

annoyance in a socio-acoustic survey was that helicopter types, numbers of flights and their noise 

levels could not be identified in existing communities in sufficient combination and because it was 

not feasible to estimate long-term helicopter noise exposure due to daily variations and the unsched-

uled nature of helicopter flights.  

Another example of a field experiment where short-term annoyance was assessed at daytime on 

specified days is a study on the impact of seaplanes on peoples' perceptions of their experience on 

Green Island – a popular tourist destination predominantly accessed by ferry (23). During the three-

days study the number of seaplanes were systematically varied and the noise levels of the planes as 

well as the background noise levels measured. Visitors of the island filled in a short questionnaire on 

their peceptions after their island visit on the return ferry. Another, more recent example of assessing 

short-term noise annoyance as the annoyance on specific days is the daily summary survey of the 

Quiet Supersonic Flights Test (QSF18 tests) in Galverston, Texas, on the cumulative assessment of 

annoyance due to F-18 low boom dive maneuvers on certain days (14). The daily summary survey 

was carried out together with a single-event survey during the same days. 

Other socio-acoustic surveys refer to the term 'short-term annoyance' when studying noise annoy-

ance in the course of the day and repeatedly asking for annoyance judgments related to time periods 

over the day (e.g. one hour). Examples are surveys on source-specific transportation noise in the 
course of the day, where mobile devices were used to notify respondents several times per day (from 

about 2 – 5 times per day to hourly at daytime) on several consecutive days (3 to 10 days) to answer 



 

 

a short questionnaire about the annoyance within the last hour (5-6, 24).  

In single event-related surveys annoyance is assessed repeatedly on consecutive days – nowadays 

by means of mobile devices such as smartphones or tablets – referring to the moment when filling-in 

the questionnaire or to a single sound event occurring within a defined (short) time period prior to the 

measurement of the participant's response. The annoyance assessment is either done self-initiated, for 

example, by pressing a button on a mobile device whenever respondents felt unbearable noise annoyed 

by an overflight (25), or by means of a palm-top computer (26) whenever hearing an annoying sound. 

Another approach is to notify participants several times per day (via a phone call or a message on a 

mobile device) in fixed intervals, at fixed times or by random, requesting to judge their current activ-

ities, (source-specific) annoyance and disturbance (5, 14).  

In summary, depending on the research question, the short-term annoyance assessment in socio-

acoustic field studies seems to be adequate in situations in which the noise events of the source of 

interest occur irregularly and are of low number per day making it difficult to integrate the noise 

experience with the noise over a period of several months (e.g. helicopter noise, shooting noise, mo-

torcycle noise). In addition, short-term annoyance assessments can be useful in situations in which 

short-term variations in noise annoyance are of interest (e.g. diurnal variations), when the noise source 

is new and no long-term experience with it exist (e.g. low sonic booms of new shaped supersonic 

aircrafts). When annoyance is assessed in field experiments in which the occurrence of noise events 

are manipulated in number, intensity and/or time and the effects of these manipulations are of interest, 

short-term annoyance assessments is usually the best option. These involve studies on the impact of 

noise interventions as well. Studies in which respondents' short-term annoyance judgements are as-

sessed repeatedly over a period of time mostly– implicitely or explicitely – follow the approach of 

experience sampling. 

3.3 The approach of experience sampling in noise annoyance research 

3.3.1 Definition of the ESM approach 
The Experience Sampling Method (ESM; 10) is a method for the assessment of event-related, acute 

or short-term self-reports. ESM involves the repeated measurements of human-beings' daily-life ex-

periences, perceptions, or behavior in-situ in different moments across a period of time (e.g., at dif-

ferent times of day, on several different days, etc.). ESM is a specific form of a diary study in which 

respondents repeatedly fill in a questionnaire in response to given signals or notifications. The re-

peated assessment of momentary experience, perception, mood, or behavior allows minimizing a re-

call bias that might occur in retrospective surveys. Diary methods such as ESM allows "capturing life 

as it is lived" (27). In addition to other (paper-and-pencil) diaries, according to the ESM approach, 

respondents are alerted to report their acute or very recent short-term experience (e.g. within the last 

hour) 27). The alert or notification can be set by random, in fixed intervals, or at fixed times. Nowa-

days, in ESM studies make use of mobile devices such as smartphones or tablets for the assessment. 

For the explicit assessment of short-term annoyance, ESM has been applied, for example, in field 

studies on annoyance due to different sources of environmental noise (28), due to aircraft noise (5-6), 

due to road traffic and railway noise (24), and due to low sonic boom (14). 

 

3.3.2 Methodological issues of ESM studies on short-term noise annoyance  
For the design and implementation of ESM studies the following checklist is proposed in a practical 

guide to ESM (29): (1) Decide whether you need experience-sampling; (2) determine your resources; 

(3) set study parameters; (4) choose software and equipment; (5) implement security measures; (6) 

implement the study; (7) data issues. 

Decide whether you need experience-sampling.  

As ESM is time- and resource-intense for researchers and participants, it has to be carefully con-

sidered to conduct a ESM study or not. Whether the annoyance assessment is to be prioritized over 

long-term annoyance assessment depends on the research question, on the exposure, and its occur-

rence as mentioned in section 3.2. Even if short-term annoyance is the outcome of interest, depending 

on the research question it might not be necessary to assess the annoyance repeatedly.  

Determine your resources.  

Among others, the resources depend on the team strength, the financial capacity to give incentives 

to the participants, and to use the desired devices for data collection (mobile devices provided to the 
partipcants, use of participants' own devices, paper-pencil instruments). Similarly, it has to be clarified, 

whether resources for repeated noise exposure estimation referring to the same time period or event 



 

 

as the short-term annoyance assessment is available. 

Set study parameters.  

This includes the type of sampling protocol and the sampling period.  Three types of sampling 

protocols can be distinguished: interval-contingent, signal-contingent, and event-contingent. In noise 

research, the interval-contingent protocol would mean, for example, that the annoyance is assessed 

at fixed times during the day referring to the prior time interval since the previous judgment. It is not 

necessary to define the whole time period since the previous assessment as the interval to which the 

judgment refers to. For example, to minimize the daily burden for participants, in an ongoing study 

on short-term annoyance due to motorcycle noise, we asked participants in one week on five consec-

utive days in 2-hours-intervals (e.g. even hours) to assess their hourly noise annoyance. The week 

after, we asked respondents in another 2-hours-interval block (uneven hours) to assess their hourly 

annoyance, so that over a period of two weeks all hours within the defined daily time period are 

covered. To reduce bias, the starting hour (even or uneven) is permuted between participants. Signal-

contingent protocols involve judgements in response to a signal, usually referring to acute experi -

ences right at the moment the signal occurs or to on-going behavior with signals often given by random 

throughout the day and unpredictable for respondents. The method seems to be suitable for the assess-

ment of noise responses to sources with a higher number of noise events per day, i.e. more continuous 

sound, e.g. road traffic noise. In most cases, interval-contingent and event-contingent protocols also 

include signals or notifications, however, these notifications are not set by random and serve as re-

minders to fill-in the questionnaire that refers to prior time periods or events and not to the corre-

sponding current momentary situation. In noise annoyance research, signal-contingent protocols are 

well suited when the perception of the acute acoustic environment or the noise annoyance during 

ongoing activities are of interest. Event-contingent protocols refer to reports of experience following 

immediately or within a short-time after a specific event of interest. In noise annoyance research, 

these protocols are suitable when the single noise event the annoyance judgment is supposed to refer 

to is distinct and detectable from the background noise. The single-event survey on annoyance due to 

sonic booms in the QSF18 study is an example for a ESM survey following an event-contingent pro-

tocol, whereas the daily summary survey in the same study is an adaptation of an interval-contingent 

protocol (14).  

Decisions on the sampling period refer to questions of how many times per day or how many days 

participants report their experiences. According to (29), the decisions are based on four considera-

tions: (a) the number of observations needed for a stable estimate of a particular phenomenon within 

a person; (b) the naturalistic incidence of target events and states; (c) the burden to participants; and  

(d) anticipated compliance. The first consideration refers to the sample size. Within statistical power-

analyses the minimum sample-size can be estimated, based on knowledge from previous studies about 

the effect sizes and the statistical method chosen for the analysis. For ESM data, multilevel modeling 

(with measurements and persons being defined as different levels) is an appropriate approach for the 

data analysis, e.g. for modeling the exposure-response relationship for short-term noise annoyance. 

Usually, for multilevel modelling, the minimum sample size estimation is done by means of simulation 

(Monte-Carlo simulation) of the model and the estimates (30). A simplified way of estimating the 

sample size in studies with repeated measurments such as ESM surveys is the calculation of the ef-

fective sample size (ESS), which reflects the total number of independent observations. The inde-

pendent observations are the product of number of subjects and number of measurements per subject 

adjusted for the correlation of the repeated measurements within the subjects (31). This correlation is 

indicated by the intra-class correlation (ICC). However, the ESS assumes perfect data collection 

within a random sample taking not into account response rates < 100%, stratified sampling or factorial 

study designs and item non-response. Therefore, further considerations have to be made in addition 

to the ESS calcluations to decide on the final minimum sample size.  

Regarding the naturalistic incidence of target events and states, for ESM surveys in noise research 

this means that the number of measurements per day in combination with the type of the sampling 

protocol should fit with the occurrence of the noise exposure. 

The burden to participate and the anticipated compliance is  a big issue in ESM surveys. Partici-

pants' perceived burden, their compliance and careless responding varies with the questionnaire length 

and frequency of measurements per day (32-33). As result of a meta-analysis, in non-clinical settings 

a sampling interval of an estimated 2-3 times a day interval is most efficient in regards to the overall 
compliance (33). Other authors recommend a sampling frequency of no more than 6 times per day 

over a period of 3 weeks or more unless the reports are short and additional incentives are provid ed 



 

 

(34). The compliance is positively associated with incentives given to the participants and with fixed 

survy time points (predictability) compared to measurements by random (35). Regarding incentives, 

micro-compensations (small incentives per completed sampling during the study) seem to be more 

effective in terms of compliance than a higher payment at the end of the study (36). When comparing 

the role of the length of the questionnaire and the frequency of sampling , studies show that a higher 

number of items in a questionnaire weakens the data quality in terms of higher burden and careless 

responding and less compliance stronger than a higher frequency of measurements (32). There is no 

general rule for the ideal duration of an ESM survey and the number of days respondents participate. 

Again, this depends on the number of items (length of the questionnaire), frequency of measurements, 

the intrinsic motivation (depending on the topic) and incentives given. In general, drop-outs increase 

with study duration (36). Regarding research on short-term annoyance, study durations vary between 

four days (e.g. 6) and 3-4 weeks (e.g. 37).  

Choose software and purchase equipment 

In recent years the number of ESM studies taking advantage of the use of mobile devices 

(smartphones, tablets) has increased (36). Purchasing the devices and handing them out to the partic-

ipants has the advantage that the researcher has control over the software to be used and – after com-

prehensive and careful testing – over the functionality of the software and the compatibility between 

soft- and hardware. However, purchasing the devices easily can get quite cost-intensive. As nowadays 

mobile devices are widely used, participants' own devices can be used in an ESM study. The question 

arises then, whether existing ESM software is to be used or whether the software should be self-

developed. In both cases, a decision has to be made on the operation system (OS) of the mobile device 

under which the ESM application should run. Commercial applications exist that are specifically tai-

lored to the ESM approach. However, often they are available only for one OS (either for Android or 

iOS devices) leading to exclusions of potential participants that do not use the OS for which the ESM 

application is developed. And, there might be specific research questions and sampling protocols of 

the ESM survey for which existing software does not fulfill the requirements. In such cases the ESM 

application has to be self-developed. To not exclude potential participants the application should be 

developed for different plattforms, i.e., for example, for Android and iOS as the most widely used OS. 

Yet, this means an extended effort in software development and testing of the application. A soluti on 

could be to develop a web applications which is OS independent, although this requires the mobile 

devices to be online all the time. More recently, cross-platform programming languages have been 

developed that allow producing an application able to run on multiple systems without having to adjust 

to OS specifics and, thus, could facilitate the ESM application development for par ticipants own de-

vices (38).  

Implementation of security measures 

The implementation of security measures refers to protecting devices in case they are handed out 

by the research team to participants. We will not discuss this further in this paper as at least for noise 

annoyance research, we expect the use of participants own devices in ESM studies to catch on.  

Implementation of the study 

The implementation of the ESM survey involves the configuration of a pilot study with thorough 

extensive testing of the procedure and the application functionality, an easy-to-read documentation 

with step-by-step guides for the installation and use of the ESM application and the whole study 

procedure. A dedicated email/message system or hotline should be established in case participants run 

into issues during the study.  

Data issues 

As in every survey, the ESM data collection and storage have to follow applicable data protection 

regulations. The loss of data should be prevented by making sure data is being saved even when there ’s 

no connection to the internet. All data should be uploaded as soon as possible to a protected, main -

tained server. Before starting the data analysis, the data has to be cleaned and tested for plausibility 

and repetitive answers. ESM survey data and corresponding acoustic data have to be merged and 

checked. A data analysis protocol should include guidance on how to handle missing data and the 

statistical method to be applied to the data. Besides descriptives, multi -level models are recommended 

for exposure-response analysis on noise annoyance. 

4. CONCLUSIONS 

In research on community responses to noise, the number of studies assessing short-term annoyance has 

increased. Owing to technological development mobile devices are used to assess annoyance that is closer to 



 

 

the event then the assessment of long-term noise annoyance in retrospective socio-acoustic surveys. The ESM 

approach is a common approach in human science for the assessment of momentary or short-term experiences 

and is increasingly used in soundscape research and the research on short-term noise annoyance. In this 

contribution, some methodological issues of using the ESM approach for short-term annoyance have been 

discussed and guidance for the study of short-term responses to noise in the field proposed.  
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ABSTRACT 

Community annoyance due to aircraft noise is influenced to a large extent by non-acoustic factors, 

such as social factors and attitudes that are related to the noise source and one’s own perceived control 

over the noise and noise source. Important non-acoustic factors relate to the perceived fairness of the 

distribution of aircraft noise, the noise management processes, the information provided by the nois e 

source and the interaction between the residents and the noise source. This contribution introduces 

the concept of perceived fairness in the context of aircraft noise, and describes the content and 

psychometric quality of a multi-facet questionnaire developed and validated to measure perceived 

fairness in the context of aircraft noise management. A total of 1,367 people living in the vicinity of 

different airports in Germany were investigated in an online study. The aim is to gain a deeper 

understanding of the impact of fairness on the response to aircraft noise and to identify starting points 

for measures aimed at managing the response to aircraft noise by involving communities and 

stakeholders. By this, this contribution follows a new approach of a comprehensive noise annoyance 

assessment that considers the response to noise within context.  

 

Keywords: Aircraft Noise Annoyance; Fairness; Psychometric Questionnaire 

1. INTRODUCTION 

 

The detrimental long-term effects of aircraft noise on the human organism have already been 

demonstrated in a large number of studies. These include adverse effects on quality of life, wellbeing, 

mental health (for an overview, see1), sleep (2), cognition (3), cardiovascular and metabolic system 

(4) and annoyance (5). Annoyance can be seen not only as a result of noise but also as a mediator of 

other health effects. The reason for this is that the experience of annoyance can be seen as a stress 

response, which releases further negative processes in the human body through the release of cortisol  

(6, 7).  

Guski already described in 1999 that only one third of the experience of annoyance is caused by 

noise itself (8). At least one additional third is due to so-called non-acoustic factors such as attitude, 

expectation, situational and personal factors (9).  

As described in the review by Hauptvogel et al. (2021), a fundamental aspect of many of these 

non-acoustic factors is the perception of social justice or fairness  (10). These concepts have been 
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extensively examined in the organizational context in regard to the acceptance of outcomes and the 

development of trust (11). These findings suggest that also in the context of aviation noise research, 

the explicit implementation of justice and fairness aspects inherit the potential to improve the 

effectiveness of measures by the airport. Therefore, it could reduce annoyance from aircraft noise and 

furthermore increase the acceptance of aviation and the local airport.  

However, there is currently no psychometric instrument that can assess the various aspects of 

fairness in the context of aircraft noise research. Such an instrument would allow researchers to further 

research the potential of fairness in the context of aviation noise research. Furthermore, having a 

psychometric instrument to measure these fairness facets can serve as a foundation for further targeted 

efforts to improve the neighborliness between residents and airports.  Moreover, this psychometric 

questionnaire can also be used to accompany interventions and serve as an evalua tion tool. 

The aim of this study is therefore to investigate the theoretical dimensionality of fairness in the 

context of aviation noise research and to test the validity of the newly developed Aircraft Noise related 

Fairness Inventory (fAIR-In).  

As this study is part of a dissertation, the results of the research will be published separately in 

greater depth. Therefore, at this point in time, the results can only be presented superficially.   

2. Method 

 

The study was conducted in online format with residents around Cologne-Bonn, Düsseldorf and 

Dortmund airports. The study regions were selected in such a way that both areas with a higher 

exposure (< 55 dB Lden) affected by aircraft noise and regions that are lower affected (> 55 dB Lden) 

are included. The noise pollution was determined from the freely available environmental noise maps 

for North Rhine-Westphalia published by the Ministry for the Environment, Nature Protection and 

Transport of the State of North Rhine-Westphalia (12). 

 

A total of 99,921 flyers were sent out via mailshot between September and October 2021, of which 

44,134 in areas with high noise exposure and 55,787 in areas with lower noise exposure. After sorting 

out all incomplete responses, 1,367 complete datasets remained for the further analysis. The complete 

data set was randomly divided into two equal parts for performing the item selection and for the 

assessment of the model quality. 

3. Measures 

3.1 Fairness Items 

 

The items used to measure fairness were largely taken from the seminal works in fairness research, which 

were modified to apply to the airport aspect (13-20). Further items were derived out of focus groups, 

conducted with airport residents in the vicinity of Cologne-Bonn Airport in 2019 (21). Table 1 shows an 

example of a statement for each fairness facet and its subcategories. The subjects could answer on a 5-point 

Likert scale, from 1 = do not agree to 5 = strongly agree. 

 

Table 1: Examples of items measuring fairness in the context of aviation noise research 

 Fairness Facet Subscale Item example 

Distributive 

Fairness 

 

Equity The airport brings me more advantages than disadvantages 

Equality Due to the different approach and departure directions of the aircraft, the noise 

pollution is evenly distributed among the residents. 

Need The approach and departure directions are set in such a way that those in need of 

protection, such as children or sick people, are affected as little as possible by 



 

 

aircraft noise. 

Procedural 

Fairness 

Process control Before decisions are made on aircraft noise, I have the opportunity to make my 

views known to those responsible. 

Decision control When decisions are made about aircraft noise, I can influence the outcome of the 

decision-making process. 

Bias suppression The airport tries to make decisions in an unbiased and neutral manner. 

Representativeness All parties who are affected are involved in decisions relevant to aircraft noise. 

Consistency Residents cannot understand why different rules apply at different airports, e.g. on 

night rest times or flight bans. 

Accuracy In the decision-making processes, those responsible often make decisions on the 

basis of incorrect information. 

Correctability I have the possibility to take action against decisions that I think are wrong. 

Informational 

Fairness 

Truthfulness The airport is honest about its plans for the future. 

Justification The airport explains and justifies decisions relevant to aircraft noise in detail. 

Interpersonal 

Fairness 

Propriety The airport strives for an exchange with noise-affected residents that is conducted 

on an equal footing. 

Respect The exchange between the airport and local residents is respectful. 

3.2 Other measures 

 

To measure the validity of the fAIR-In, additional scales were presented to the respondents for 

answering. These were scales measuring interpersonal trust (KUSIV3 (22)), political confidence and 

influence perception (PEKS (23)), sensitivity to injustice (USS-8 (24)), perception of control (IE-4 

(25)), political cynicism (KPZ (23)) and sensitivity to noise (LEF-K (26)). Furthermore, the 

willingness to protest in the context of the aircraft noise issue, ai rcraft noise annoyance (27) and the 

acceptance of the airport and air traffic were surveyed.  

 

4. Results 

4.1 Item selection 

 

A total of 68 items were developed to reflect the various aspects of fairness in the field of aircraft 

noise. Care was taken to ensure that the various items also reflect the subcategories in the respective 



 

 

fairness facets (e.g. bias supression and consistency in procedural fairness). 

 

In a first step, items were sorted out on the basis of poor item characteristics (item difficulty, low 

discriminatory power) and poor reliability characteristics within the scales  and subscales. In a second 

step, an explorative factor analysis was carried out to exclude further items that had very low or 

unclear factor loadings on the four postulated fairness facets (distributive, procedural, informational 

and interpersonal fairness). 

This resulted in a reduction in the number of items from 68 to 32. 

 

4.2 Confirmatory Factor Analysis 

 

There have always been discussions about dimensionality in the history of fairness research  (for an 

overview see 11). The problem that the different aspects of fairness are highly correlated made it 

difficult to distinguish between the different facets. Thus, a four-factor solution was discussed, with 

specific effects for distributive, procedural, informational and interpersonal fairness. But a one -, two- 

or three-factor solution was also frequently debated.   

 

The item structure that had been determined was then tested with a confirmatory factor analysis. 

Based on the analyses of Colquitt in 2001 (28), four different models were compared. Model 1was the 

four-factor model, which distinguishes between the different facets of distributive, procedural, 

informational and interpersonal fairness. Model 2 was a three-factor model that combines the facets 

of informational and interpersonal fairness under the aspect of interactional fairness. Model 3 was a 

two-factor model that distinguishes between distributive fairness and procedural fairness. Here, the 

aspects of interactional fairness are assigned to procedural fairness. Finally, model 4 was calculated, 

which combines all items under the global aspect of fairness and no longer differentiates between the 

various facets. 

 

The calculations showed that Model 1, the 4-factor model, with separate factors for distributive, 

procedural, informational and interpersonal fairness, is as expected significantly better than the other 

models. 

 

Further results of this confirmatory factor analysis, with the associated structural equation model, 

are published in detail in the external paper, as the results are used for a dissertation.  

5. Conclusion and Outlook 

 

This study had two main objectives. The first was to investigate the theoretical dimensionality of 

fairness in the context of aircraft noise research. Secondly, the validity and goodness of the newly 

developed FAIR-In questionnaire was to be assessed. 

Residents around Cologne-Bonn, Düsseldorf and Dortmund airport were examined in a large-scale 

online survey. Data from 1,367 were included in the analysis. 

The number of items capturing the various fairness aspects in the context of the aircraft noise 

debate was narrowed down. In a confirmatory factor analysis, different models were compared and 

the general model fit was ascertained.  

 

Looking towards the future, it is desirable that the results of this study have two major impacts. 

On the one hand, it should make it possible for future research on aircraft noise issues to take the 

aspect of fairness further into account and to include it in future studies on non-acoustic factors. 

Secondly, it is desirable that airports recognize the relevance of a fair, neighbourly relationship 

between their residents and themselves and use the questionnaire to gain an overview of the current 

perception of residents. The results can then be used to drive such efforts in a targeted and measurable 

way and enable a monitoring as well as an evaluation during and after any intervention.  

 



 

 

6. Limitations 

 

Regarding the limitations of the study, it should be noted that the study was conducted during the 

Corona crisis, when flight traffic was severely curtailed. This was not addressed in the questions and 

may have distorted the current perception of the airport and its activities . 

Furthermore, for reasons of data protection, no specific addresses of the participants were collected, 

but only a distinction was made between high- and low-noise areas. This means that the individual 

influence of aircraft noise can only be roughly determined.  
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ABSTRACT 

The role of sleep in the development of a child’s brain has been widely acknowledged and its effect on mental 

health later in life has been hypothesized. Both quantity and quality of sleep are affected by environmental 

factors. For adults, several studies have shown an association between noise exposure indicators and sleep 

and exposure-effect relationships have been derived for several indicators for sleep such as change in heart 

rate, motility, biomarkers, sleep EEG, and self-report. 

In general, the relationship between components of the exposome (integrating e.g. bedroom orientation, noise 

events, background hum, social environment) and sleep has been explored using purely data-driven 

techniques. This approach ignores the potential benefit from transfer of knowledge of previous research into 

the analysis, which has been shown to be very fruitful in many domains. Hence, we propose to combine prior 

knowledge in a composite indicator for the component of exposome that affects sleep. Such an indicator 

allows to incorporate complex and non-linear interactions and accounts for changing vulnerability with age. 

This contribution will present such a composite indicator and the models needed to calculate it. The potential 

superior performance of this composite indicator over conventional approaches could be validated on cohort 

sleep data.. 

 

Keywords: Sleep, Exposome, Indicator 

1. INTRODUCTION 

The neighbourhood physical environment is an important determinant of children's sleep quality 

and sleep duration. Studies on transportation noise have shown well-known direct short-term effects 

on sleep, annoyance, and cognition in both, adults and children. The long-term effects on children and 

adolescents are less investigated, although some evidence points to effects of impaired sleep on 

cognitive, mental and physical health outcomes (adiposity). However, these studies have inherent 

shortcomings. The hitherto used exposure characterisation is very crude (average sound levels) and 

have not considered the role of the soundscape and the wider interaction with the neighbouring built 

environment. Moreover, existing studies have methodological shortcomings, as analyses related to the 

potential mediating role of sleep impairment on health outcomes were not seriously considered.  

Therefore, in the framework of Equal-Life, we initiated an attempt to improve on the prediction of 

sleep disturbance and potential long-term health effects in children and adolescents with an improved 

exposure characterisation. The development of this sleep disturbance indicator is a first step.  



 

 

2. A SLEEP DISTURBANCE INDICATOR 

2.1 Sound events – probability for sleep disturbance of children 

The indicator for sleep disturbance is grounded in laboratory and field results on sleep disturbance 

by sound events. Hence, the definition of an event is considered first.  

The start of a sound event is detected when the indoor loudness exceeds a given threshold, 

N1sec,indoor > TNA and at the same time loudness in increasing, dN>0. Masking is implicitly included in 

the calculation of loudness and hence an additional criterion based on relative level like in the 

calculation of the intermittency ratio  [1] is avoided. The event is thought to continue until the N1sec 

drops 5 dB below its maximum level or when the level drops below the 15-minute 90 percentile value 

of loudness, N90.  

Once an event is detected, the probability of sleep disturbance PSD is calculated. Sleep disturbance 

can be detected via noise induced cardiac response  [2], changes in sleep stages  [3], etc. For the 

purpose of constructing the indicator, all these outcomes are pooled and the main trends with respect 

to exposure are extracted: (1) probability of sleep disturbance shows an S-like curve with a threshold 

around 35 dBA (1-second average) and a saturation point between 60 and 75 dBA; (2) the type of 

sound plays a role and recognition may play a role, yet the strongest evidence is found for an increase 

in probability of sleep disturbance with rise time  [4] [5]; (3) spectral content may be important but 

as most studies consider A-weighted levels rather than loudness, this evidence is 

inconclusive  [4] [6] [7]. Based on the above 𝑃𝑆𝐷 = 𝑓(𝑁, 𝑑𝑁) is proposed. The pattern of subsequent 

noise events may be important for determining sleep disturbance and Markov-style models have been 

proposed to account for this  [8]. When the indicator is calculated based on measurements or a traffic 

microsimulation  [9], this approach could allow for observing the effect of platooning or traffic lights, 

but as most simulations will treat vehicle passages as a random, Poisson process, preference is given 

to treating sleep disturbing events as independent and hence: 

𝑃𝑆𝐷,𝑇𝑘 = ∑ 𝑃𝑆𝐷,𝑖 ∏(1 − 𝑃𝑆𝐷,𝑗)

𝑖−1

𝑗=1

𝑇𝑘

𝑖=1

 

where |Tk| is the time duration of sleep epochs, which is set to 10 minutes, inspired by  [10]. 

In children, loudness perception itself may be deviant from loudness perception in adults, yet there 

is little direct evidence on this, neither from EEG based studies nor from behavioral research. Yet it 

is known that hearing threshold peaks at 6 to 8kHz in young children rather than at 500 Hz to 4kHz 

in adults. Moreover pure-tone hearing threshold is higher in young children  [11]. 

There is some evidence that the effect threshold for sleep disturbance may increase with decreasing 

age although there are some differences depending on the outcome where EEG based s leep stages 

show a stronger dependence than cardiovascular response  [12] [13].  

Considering the above and in absence of further evidence, an increase in effect threshold of 10 dB 

for the age range [0y,3y] and of 5 dB for the age range [3y,6y] is used  as a working hypothesis. 

2.2 Sound Insulation – a coping mechanism 

Sound measurements are often conducted outside at the one hand because of privacy reasons and 

practical considerations, and at the other hand because of the uncertainty in the origin of the sound 

measured indoors. Simulations result in outdoor levels that need correcting to account for sound 

insulation of the bedroom and orientation of the bedroom in relation to the source. Hence, some 

hypotheses have to be made regarding this insulation and orientation. 

In [14], it was found that sleep disturbance of children correlates better with the equivalent noise 

level at the least exposed façade. This may reflect the choice of parents to orient the children ’s 

sleeping room towards the quiet side as a form of coping. In [15] it was found that sound insulation 

of the façade with windows closed depends on the level outside. This is partly due to a coping 

mechanism but in Switzerland (and other countries) the insulation of new buildings is related to the 

outdoor level.  

Taking this evidence together, several forms of coping, all depending on average outdoor noise 

levels (closing windows, insulating, reorienting bedrooms), are summarized in an assumed frequency-

dependent sound insulation index D(f) loosely fitted on data from [15], is given by: 

𝐷(𝑓) = min(58;  31 ∗ 𝑙𝑜𝑔10(150 + 𝑓) − 30) + 0.55 ∗ 10 ∗ 𝑙𝑜𝑔10 (10
𝐿𝑛𝑖𝑔ℎ𝑡

10 + 10
35
10) − 60 



 

 

2.3 Diurnal patterns 

There exists a complex interplay between the diurnal pattern of exposure and the sensitivity to 

sleep disturbance. To account for the changing sensitivity over the night, a weighting wk is introduced 

in the calculation of the nightly accumulated sleep disturbance index (SDI) where k refers to the sleep 

time interval. This weight is linearly increasing from 5:00 until 7:00 from 1 to 2 to account for the 

lack of bed time that will allow to catch up on deep sleep after being woken by an early morning noise 

event. The instantaneous probability of noise related sleep disturbance is expected to be relevant if it 

exceeds a natural sleep disruption probability, Pnat,Tk, which is kept independent on the time of the 

night Tk and fixed at 0.1 in the current implementation of the model.  

𝑆𝐷𝐼 =
1

|𝑇𝑠𝑙𝑒𝑒𝑝|
∑ 𝑅𝑒𝐿𝑢(𝑃𝑆𝐷,𝑇𝑘

𝑘𝜖𝑇𝑠𝑙𝑒𝑒𝑝

− 𝑃𝑛𝑎𝑡,𝑇𝑘)𝑤𝑘 

Children sleep longer and usually during earlier hours of the night when traffic noise is still high. 

In the age dependent definition of the SDI, this is accounted for by adjusting the duration of the night 

to 14 hours for age range [0y,3y], 12 hours for [3y,6y], 10.5 hours  for [6y,12y], 9 hours for [12y,18y]. 

Sleep patterns may change with age making children of different ages more vulnerable to sound 

events that occur at different times during the night.  

3. EXAMPLE RESULTS 

3.1 SDI versus measured Lnight 

For strategic noise mapping, the European Commission proposed the equivalent noise level during 

night hours at the facade further averaged over a whole year, Lnight. To explore the relationship between 

the proposed indicator, SDI, and this European common indicator, two measurement sets are analyzed: 

a set of measurements in the city of Barcelona, mainly focused on problem areas and spanning several 

weeks; a set of population exposure oriented measurements in the city of Gothenburg containing 3 to 

4 week night measurements (Tuesday night through Friday night) at every location. Figure 1 shows 

that although a general trend between both indicators is visible, SDI varies strongly between locations 

where the same Lnight is measured and moreover can vary significantly by nights. SDI also increases 

with age, but not to the same extend in all locations, showing that in general the difference in 

sensitivity is more important than the effect of longer sleeping time.  

3.2 SDI using indoor versus outdoor measurements 

For the measurement campaign in Gothenburg, the SDI calculated on the basis of indoor 

measurements and compared to SDI calculated based on outdoor measurements and assumed sound 

insulation taking into account coping (Figure 2). SDI based on indoor measurements is higher than 

SDI based on outdoor measurements. This could be expected as indoor sounds are not only caused by 

outdoor sources. One could however also suspect an overestimate of the sound insulation while 

calculating SDI based on outdoor measurements. 

3.3 SDI based on traffic noise modelling versus measurements 

To model the sleep disturbance index, instantaneous (per second) spectral (per 1/3 octave band) 

sound levels are needed. For road traffic noise, a model was constructed that simulates such 

instantaneous levels based on traffic estimates on all roads near the observation point. Contributions 

from road traffic at larger distance is added as a time-invariant level. This model and its limitations 

will be discussed elsewhere.  

In addition, detailed traffic data on all roads in a region is hard to obtain. Hence, a proxy for traffic 

intensity based on Open Street Map road categorization and calculated edge betweenness was 

introduced. This model will be discussed elsewhere. 

Figure 3 shows a comparison between SDI, either based on simulated or measured environmental 

noise levels at 15 locations in Barcelona. For all age categories a linear trend can be fitted on the 

relationship between measurement-based and simulation-based SDI. For older age categories, 

although the r2 indicating the linearity of the trend is similar, yet for older age groups SDI seems 

under-estimated. This can probably be explained by their sleep pattern that concentrates more on the 

quietest hours of the night where traffic noise models less accurately predict individual noise events. 

Moreover, in a city like Barcelona, at inner city locations recreat ional noise – including additional 

local traffic – might play a role in the measurements resulting in a higher SDI.  



 

 

The reader is reminded that the traffic estimation underlying modelled traffic noise is solely based 

on topography of the city and model constants that are location independent and does not include any 

local traffic measurements. 

 

 

Figure 1 – Calculated SDI versus Lnight averaged over the whole measurement period, for long 

measurement campaigns in Barcelona (upper) and 3 to 4 day measurements in Gothenburg (lower) 

 

Figure 2 –SDI for 12 to 18 year old children calculated based on outdoor measurements versus SDI based 

on indoor measurements; each color corresponds to a location 



 

 

 

 

 

Figure 3 –SDI for four age categories calculated based on outdoor measurements versus SDI based on a 

traffic noise model. 

4. DISCUSSION AND CONCLUSIONS 

The indicator for sleep disturbance by sound that is proposed in this paper, relies as much as 

possible on the available knowledge from both field studies and lab research, while differentiating as 

much as possible between age groups of children. As literature does not always report consistent 

findings and as calculation feasibility has to be considered, some choices needed to be made. The 

calculations presented in the previous section reflect the consequences of these decisions.  

For young children, based on literature, we assumed an increase in effect threshold of 10 dB for 

the age range [0y,3y] and 5 dB for the age range [3y,5y]. At the same time, due to their typical sleep ing 

hours, these young children may be exposed to higher environmental noise levels while sleeping. For 

the locations investigated, in Barcelona and Gothenburg, the diurnal exposure pattern seems to be less 

important than the assumed threshold shift and hence SDI is lower for the youngest age group. For 

the [3y,5y], in some cases SDI might be higher than for their older peers. The reader should be aware 

that SDI assesses sleep disturbance by noise and not the impact this might have on development at 

different ages. 

Although the SDI increases with Lnight as expected, it does not correlate strongly with this common 

indicator. For age categories [12y,18y] and [6y,12y] the r2 of a linear regression between the calculated 

SDI and Lnight on 370 nights of measurements in Gothenburg, is 0.13. For age category [3y,6y] it is 

slightly higher, 0.15 but for age category [0y,3y] it remains as low as 0.08. The latter is easily 

explained by the sleeping time extending beyond the 8 hours standard night. Although this analysis 

shows the complementarity of the SDI to Lnight, it does not prove that this additional information is 

useful for predicting the impact of environmental sound on sleep quality. Ongoing research will 

investigate this more thoroughly. 

A good indicator should be easy to obtain not only from measurements but also from simulations. 

For a complex indicator such as the proposed SDI, this might be a challenge. Hence a traffic noise 



 

 

mapping model capable of simulating instantaneous spectra, has been used to predict SDI. When 

compared to measurements, the model predicts somewhat lower values for SDI, which is to be 

expected as only road traffic sound sources are modelled.  

In this paper we assumed a sound insulation of buildings and an orientation of the bedroom that 

could reflect coping. This assumption could not be fully validated through measurements.  

Nevertheless, SDI calculated on the basis of synchronous measurements outdoors and indoors at 8 

locations were shown. SDI based on indoor measurements generally exceeds the one based on outdoor 

measurements combined with the assumed insulation. There are two clear reasons for this: additional 

indoor sounds may be present including the sound of the child itself, specifically during the first hours 

of the assumed sleeping time; and the overestimation of sound insulation. At this point of the analysis, 

no distinction could be made between both. Nevertheless, for locations where both estimates do not 

line up during different measurement nights, the former is a more likely explanation.  

In summary, the proposed sleep disturbance indicator shows some basic logics, and the developed 

framework is sufficiently flexible to use actually measured sound, either outdoors or indoors, but also 

calculated noise exposure maps. Although the developed SDI combines advanced knowledge on sleep 

disturbance in response to environmental noise exposure, its improved prediction capabilities should 

still be proven by sleep cohort studies. In addition, there might be a need to further tune the model 

parameters. 
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ABSTRACT 

 

The human response to physical noise and vibrations is subjective. The noise indicators and limit values are 

not a one size fits all framework to predict and mitigate negative human response to noise and vibrations. 

Our work and research have gradually evolved starting from noise measurements of increasing complexity 

followed by investigations into annoyance. In our experience investigations of response benefit from a 

thorough investigation and detailed description of the physical noise and vibration compiled into a database. 

From the database we can investigate the perceived vibroacoustical climate both for individuals and by the 

community. 

The paper will describe the investigations performed for three types of transport noise sources: 

1. The trams of Oslo 

2. A highway through a suburb of Oslo 

3. Countryside Norwegian motorways. 

All three types of transport noise have been investigated with a combination of field measurements of noise 

in 1/-3-octave bands and qualitative research interviews. 

 

Keywords: Noise, response, subjective, objective 

1. INTRODUCTION 

Response is the first word of the title of this paper.  Our knowledge of the response come from the 

master’s thesis of 4 public health students at NMBU, Ås, Norway: 

- Vanessa Vea, 2022 (tram) (1) 

- Karoline Kjær Bakke (2), 2021 and Lykke Michaela Myhrvold, 2022 (3) (highway 

through suburb) 

- Eli Mari Øverdahl, 2021, (motorway) (4) 

All of these master’s theses are based on semi-structured qualitative research interviews. This 

approach has been selected because it is a method that gives details about how the neighbors respond 

to the noise. This includes their description of the noise, the way they perceive annoyance by noise 

and how they act to reduce the perceived annoyance due to the noise.  

The physical noise has been measured as a representative sample of equivalent level in 1/3-octave 

bands for the outdoor noise. Other information about the physical noise is described when available. 

This includes standard calculations of noise or measurements of other  noise parameters. The data is 

described when available. 

Section 2 will present the results for trams while section 3 presents the results for a highway 

through a suburb and section 4 will present the results for motorway. A discussion of the particular 

properties of each type of noise source will be given in the relevant section. General discussion of the 

shared challenges for all types of noise sources follows in section 5.  

The present paper is a status report and an outline. Further research will follow, possibly along the 

lines that have been pursued for the metro trains (5).  Our aim is a continuous improvement of the 

description of the correlation between the response and the physics of transport noise and vibrations.  
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2. RESULTS FOR TRAMS 

The tram in Oslo runs in the city streets close to a large number of dwellings and therefore affect 

a large number of people. The results for trams will be presented as follows:  

- Response to tram noise 

- Response to tram vibrations 

- Description of tram noise and vibrations 

 

It should be mentioned that comprehensive measurements of outdoor, and indoor, noise and 

vibrations has been performed in all dwellings. 

 

2.1 Response to tram noise 

The subjective response to tram noise has been investigated by Vea (1). 6 persons in 5 h ouseholds 

have been interviewed about how they perceive the noise, how it affects their health and what they 

can do to reduce the perceived noise. One respondent reported an increase in perceived noise from 

trams. This has been confirmed by the environmental monitoring program (6, the slowly increasing 

trend in noise from each tram since 2015 has continued, but this has not yet been published).  Those 

who have access to an outdoor living area report that they use the area much less than they would like 

to due to tram noise. 

Several respondents report problems with sleep disturbance due to tram noise. This is not so strange 

as the trams of Oslo run for about 21 hours per day with only a 3-hour break at night. One solution is 

to close the windows in bedrooms facing the tram line, but this often leads to reduced air quality and 

a bad indoor climate. There is also a problem with unpredictability of the trams leading to stress. It 

also takes a determined effort to concentrate on work for those affected.  

Some respondents report that they find the tram noise embarrassing when they entertain guests in 

their home. 

 

2.2 Response to tram vibrations 

Vibrations from trams do not seem to be a major problem. The results in figure 1come from a 

continuation of a simple quantitative survey of perceived vibration originally designed to investigate 

vibrations from the metro line of Oslo (7). The results are presented for all the cases where residents 

gave their impression about tram vibrations. There are several cases where more than one respondent 

has given the same answer for the same vibration level, 10 responses are included in the figure. The 

unit vw,95 is a single number rating used in Norwegian assessment of vibrations (8). The limit value of 

0,3 mm/s have been considered acceptable for new construction, and 0,6 mm/s for existing situations 

(8). 



 

 

 
 

Figure 1, perceived versus measured vibration levels 

 

2.3  Physical tram noise and vibrations 

 

Our general knowledge of tram noise and vibrations comes from a yearly measurement series of 

outdoor tram noise started in 2007 (6). The technology for measuring outdoor and indoor noise and 

vibrations was originally developed for the metro lines of Oslo. Comprehensive measurements of 

outdoor and indoor vibrations were made for all the houses included in Vea’s study (1).  

 

 

Figure 2 Tram going through the street Storgata in Oslo 
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For each house measurements are performed for at least 20 passing trams. Noise is usually 

measured in 4 points on the property and tri-axial vibrations is measured in 5 points. In some cases, 

noise is also logged every second for a week or so. If applicable, the effect of balconies is also 

measured (9,10). 

All the cases included in the qualitative study (1) comply with the Norwegian regulations for 

existing situations (8,11). Two of the cases even comply with guidelines for new construction (12,13), 

the other ones are in what is called a “yellow zone” (Lden > 58 dB) where new construction or a new 

tramline could be permitted if sufficiently documented noise abatement is included.  

 

2.4 Possible improvement of the situation 

The main hope for a better noise situation from trams in Oslo is connected to the new trams. Oslo 

has ordered 87 new trams to replace the 71 old ones that have been running for decades. The old trams 

are supposed to be replaced by 2024 (13). 

Some respondents have expressed the wish that the tram reduce the speed past their dwelling. This 

can hardly be expected, as it would increase travel time and reduce transport capacity.  

One respondent complained about a type of noise described as “squeal”. This type of noise was 

not observed during the visit to measure noise and vibration. However, a noise log running for 9 days 

after the main measurements showed that there were 83 events that could be described as “squeal” 

that came from a tram. These events were of two different types. Fortunately, most of them occurred 

in the afternoon, none at night, but still the noise is so loud as to be expected to be very disturbing, 

and much louder than was observed during manned measurements. 

Some respondents wanted noise barriers. This may be a possible solution in some cases.  

Finally, one respondent proposed replacing the trams with buses. This will definitely not happen 

as diesel og biogas fueled buses emit more noise and have less transport capacity.  

The new trams seem to have the best potential for an improved noise situation. Continued detailed 

measurements and careful attention to the wording of complaints combined with continuous 

maintenance of the trams and the tracks would seem to be the way forward.  

  



 

 

3. RESULTS FOR A SUBURBAN HIGHWAY 

Highway 4 through the residential areas Sletteløkka, Veitvet and Linderud is probably the worst 

stretch of highway in Norway with regards to noise exposure. Already in 1999 an estimated 367 

residences would have equivalent outdoor noise level of Lp,Aeq, 

24h ≥ 70 dBA (15). There is a continuous stretch of 4-7 story apartment buildings close to a dual 

carriageway. Both the road and the residential buildings are more than 50 years old. The results for a 

suburban highway will be presented as follows:  

- Response to road noise 

- Description of road noise 

3.1 Response to road noise – suburban highway 

The response to noise was first investigated by Bakke (2). The research was continued by Myhrvold 

(3). The comments on perceived noise will be sorted according to the work of Myhrvold with some 

additional remarks from Bakke. The responses are grouped into 5 parts: 

1. This is where we live 

2. How do we cope with the noise? 

3. Socioeconomic position 

4. Changes coming 

5. This is how it influences our lives 

 

This is where we live 

The respondents describe their situation at home with a focus on noise, vibrations and air pollution 

from the road traffic. Many keep the windows closed at all times or have a TV or radio on to mask 

out the traffic noise. Air pollution is also a severe problem, easily visible on the windows which are 

stained again soon after cleaning. This is to be expected. However, the respondents also report positive 

factors, like the view from Sletteløkka (“Best in town”), good service by public transport, the lawns 

and the balconies that could be quality outdoor living areas if the noise is reduced. Repondents also 

mention the proximity to “marka”, the large forests surrounding Oslo, and the price of the apartments. 

But the total impression is negative for many respondents as the noise weighs more heavily than othe r 

factors. 

 

This is how we cope 

Masking the traffic noise with radio or TV has been mentioned. One respondent had purchased an 

air cleaner, since closing the window did not work sufficiently well to give a good indoor climate. 

Some have built an enclosure for the balcony and some use headphones when working from home. 

Others cope with complaints to relevant authorities in the hope of noise measures. People have 

participated in public meetings, they have complained to the national road authorities, some have  

involved the politicians of the city of Oslo and the local politicians.   

 

Socioeconomic position 

The residents that have been interviewed are better off than many of their neighbors in the area. It 

would seem that they have a higher level of education and a higher income. Many other residents have 

been in Norway for a short time. It will be difficult to investigate the opinions of those new to the 

area as it takes time for the effects of the noise impact to manifest itself . It should also be noted that 

some of those who live at Sletteløkka have no other choice. Prices of residences in Oslo are too high 

for many, and they have to make do with whatever shelter they can afford. 

 

Changes coming 

The status quo has been unchanged for decades. The residents simply want a reduction of the noise 

and air pollution they are exposed to, and the local authorities aknowledge the situation. However, the 

National government is currently not inclined to reduce the capacity or speed limit of 

Trondheimsveien since reduced travel time outweigh the inconvenience of noise and air pollution for 



 

 

the residents. Trondheimsveien was once a road of national importance, and measures to reduce the 

demand for transport via this road are not given priority even in long term plans. 

 

This is how it influences our lives 

Obviously, noise, air pollution and heavy traffic close to home influences the health and safety of 

the inhabitants directly and indirectly. People have reported asthma, increased blood pressure, lack of 

sleep are examples of problems that have been reported.  

3.2 Description of road noise – suburban highway 

The chosen example is the national highway 4 heading north from Oslo. It used to be the most 

important northbound road, and it still carries the street name “Trondheimsveien”. In the studied area 

it is a grade separated dual carriageway with a speed limit of 60 km/h in winter  and 70 km/h in summer. 

The studied part of the road was built in the 1960s and early 1970s. At that time traffic noise was n ot 

a major consideration, and there are apartment blocks as close as 10 meters from the road. The study 

started with a consultancy assignment of calculating the noise using standard prediction models  (16). 

 

 

Figure 3, predicted noise map at Sletteløkka, mainly due to highway 4, Trondheimsveien 

 

Measurements of the existing noise in one point were also performed. A representative example is 

shown in figure 4 showing hourly equivalent levels. Maximal levels are not so interesting in this case 

since there are always vehicles passing through the area. This is an illustrative example only.   



 

 

 

Figure 4, noise and traffic at Sletteløkka 

3.3 Possible improvement of the situation 

The noise calculations show that the residential blocks at Sletteløkka north of the highway have 

Lden ≥ 70 dB on the façade towards the highway. Noise barriers aren’t effective for noise reduction 

due to the ground rising from the road towards the residences. Better sound insulating windows will 

reduce indoor noise levels but is of no avail to reduce outdoor levels. It seems the only effective way 

to reduce the noise is to reduce the number of vehicles and the speed limit. This will help, not only 

for the residences close to the road but also in the surrounding fores t behind the apartment blocks. 

Another possibility is to divert the traffic. Back in 1999 (15) a 2-kilometer-long tunnel for highway 4 

past the worst area was suggested. There have also been plans for a diagonal tunnel diverting long 

distance traffic to another highway. None of these plans have been realized, and currently it does not 

seem likely that either plan will be realized. 

Probably the only hope for an improvement is a political shift towards reduced road traffic. 

 

4. RESULTS FOR MOTORWAY 

The E18 motorway runs along the east coast of southern Norway. The motorway runs through rural  

areas, but the noise impact is significant from the 4-lane motorway with a speed limit of 110 km/t. 

The results for motorway will be presented as follows:  

- Response to road traffic noise – motorway 

- Description of road traffic noise – motorway 

4.1 Response to road traffic noise – motorway 

«Verden har ikke våknet, men E18 er våken». The subtitle of Øverdahl’s study of perceived noise from the 

E18 could be roughly translated as follows: 

“The world is asleep, but not the E18.” 

The title sums up the problem since there’s always traffic on the motorway. The residents in rural 

locations expect to live in a quiet area, and they don’t expect noise at night. The affected neighbors 

have a consistent feeling that they have somehow been cheated. Some of the respondents have lived 

in the area their whole life. Some owners of property along the E18 organized a group that raised the 

question of whether the noise calculations and design of noise abatement measures were correct. The 

E18 as a grade separated single carriageway came gradually during the 1980s, but was not perceived 

as a severe noise problem at the time. After a new carriageway was added and the speed limit increased 

0

500

1000

1500

2000

2500

30

40

50

60

70

80

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

N
u

m
b

er
 o

f 
ve

h
ic

le
s 

p
er

 o
h

u
r

A
-w

ei
gt

h
ed

  L
eq

 (
d

B
)

Time  of day

Highway 4 Sletteløkka, 24-hour example, traffic density 
vs. noise

Laeq per hour Light vehicles Heavy vehicles



 

 

to 110 km/h the 2014 situation was perceived to be substantially changed even though noise barriers 

were added as a noise measure. This section is about the perception. Section 4.2 will give possible 

physical explanations of why the noise might actually be louder now, even though the predicted values 

have not changed. 

The respondents say that they spend less time in their outdoor living areas, they do not open their 

bedrooms windows at night and they are continuously bothered by the noise when outside. The indoor 

noise with windows closed is not considered a problem, although the noise might be audible. The 

constructed noise barriers are perceived to be insufficient and unable to deal with the noise impact. 

The residents believe that the noise levels are considered acceptable by Norwegian standard 

regulations (12), and there is no judicial cause to complain to the relevant authorities. A feeling of 

hopelessness has set in for some residents.  

 

4.2 Description of road traffic noise – motorway 

 A graph with hourly equivalent levels for a typical summer day is shown in figure 5 together with 

the traffic density on the E18. The picture in figure 6 shows the microphone position at home of one 

neighbor of the E18. The microphone is in a free field position 130 meters away from the centerline  

of the road. The picture shows a high noise barrier hiding the E18. 

 

 

Figure 5 – noise and traffic from rural motorway E18 

 

Figure 6 – microphone measuring noise from the E18 
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The noise barrier is probably designed to compensate for the increase in noise due to higher traffic 

speeds and heavier traffic, and it is likely that is has been correctly designed according to regulations 

and the standard prediction method (17). This prediction method gives levels that correspond well to 

measurements in almost-worst-case scenarios. However, the prediction method may seriously 

overestimate the actual noise that can be measured in many cases (18,19). It is quite possible that the 

levels measured after the motorway was opened correspond well to the standard predictions. This may 

be due to effects of weather. A smaller road without barriers may have a different noise spectrum, and 

it is quite possible that the noise level from the E18 before 2014 was below the predictions most of 

the time. After 2014 the actual noise level may be higher than before 2014 most of the time even if 

the predicted noise level has not changed. 

 

4.3 Possible improvement of the situation 

The motorway was opened in 2014 with all the investigations and documentation required by 

Norwegian regulations evaluated and approved (11,12). It is unlikely that further noise reduction 

measures by the roadside will be carried out. The residents can to some extent improve the situation  

with local measures.  

5. DISCUSSION 

The respondents are not a representative sample of the part of the population bothered by noise. 

The general impression is that the respondents have a higher socioeconomic status than the average 

population, with a university education being the norm. It has taken some work to become a 

respondent. On the other hand, this means that the answers will give better guidance. Some of the 

response presented gives clues as to how to reduce the impact of transport noise in a  realistic way. 

The researchers interviewing residents (1,2,3,4) have described how they have carefully done 

everything they can to take an objective stance to the interview, realizing that in qualitative research 

the researcher is a part of the instrument used. 

The results presented are only given as a short summary and a status report. The results are not 

likely to be reproduced in another country. Norway is a sparsely populated and rich country, and 

Norwegians are accustomed to a quiet environment, and many residents are able to pay for noise 

measures. But the method with qualitative studies can be transferred to other countries, other noise 

sources and other cultures. 

The choice of semi-structured qualitative interviews is dictated by matching the detailed 

measurements of physical noise. In this paper we have only presented single number ratings of the 

measured noise. More detail is available on request. It is our sincere hope to be able to find the 

objective parameters that best match the perceived noise, in the same way that we have started to 

compare physical noise and vibration with annoyance for Oslo’s metro lines (5).  We hope to be able 

to do laboratory tests of recorded noise for this purpose. Obviously, the perceived noise annoyance is 

subjective and will vary between sources and from person to person. 

Protection of privacy of the respondents is a challenge. We would like to have direct links between 

a detailed description of the noise and the noise as perceived by the individual. Th is would, however, 

require a much more complicated setup than we have been able to use  so far. Our investigations do 

not give a simple correlation between noise and annoyance. However, we have been able to pinpoint 

the source of noise problems by combining detailed information of the acoustical properties of the 

noise with the words people use to describe the noise.    
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ABSTRACT 

Railway-induced noise and ground-borne vibrations cause large adverse effects on people living in detached 
houses, particularly in Japanese urban districts. Our previous studies revealed that annoyance due to noise 
and vibrations differed according to the Shinkansen railway and conventional railway. In addition, we 

discussed combined effects of noise and vibrations on annoyance for each railway category. Following these 
studies, we tried to quantify the respective impact of noise and vibration exposures on each annoyance by 
the above railway category anew. Datasets used for analysis was compiled through 12 socio-acoustic surveys, 

which were conducted over the 30 years in Japan. Prior to the analysis, we developed a causal annoyance 
model. Applying the multiple-group analysis for structural equation modeling to the model, we estimated the 

weights of noise and vibration exposures on each annoyance. In common with both railway categories, the 
weight of noise exposure on annoyance due to noise was larger than that of vibration exposure. Regarding 
the Shinkansen railway, annoyance due to vibrations was more affected by vibration exposure than by noise 

exposure. On the other hand, regarding conventional railway, annoyance due to vibrations was less affected 
by vibration exposure than by noise exposure.  
 

Keywords: Railway noise, Railway vibration, Annoyance, structural equation modeling  

1. INTRODUCTION 

In densely populated areas, problems due to railway-induced noise and ground-borne vibrations 

are likely to occur because of close proximity of residences. In particular, the problems are more 
pronounced in detached houses than in apartment buildings. In Japan, to preserve living environments 
and protect people's health, “Environment Quality Standards for Shinkansen super-express railway 

noise” and “Measures for vibration caused by Shinkansen trains urgently required to preserve the 
Environment” are legislated. On the other hand, standards or regulations on existing conventional 
railway is not yet legislated.  

In 2018 "ENVIRONMENTAL NOISE GUIDELINES for the European Region" (1), recommended 
exposure levels for environmental noises to protect population health. For average noise exposure, 
the Guidelines recommend reducing noise levels produced by railway below 54 dB Lden. However, the 

Guidelines excluded the Shinkansen railway noise. Using the Socio-acoustic Survey Data Archive 
(SASDA) (2) and other datasets derived from recent studies in Japan, Yokoshima et al. (3) revealed 

higher annoyance due to noise from the Shinkansen railway than that from conventional railway.  
Several studies discussed the factors of difference in community response to noise between railway 

categories (conventional and the Shinkansen railways). Tamura (4) pointed out that residents had more 

negative attitudes to the Shinkansen railway noise than conventional railway noise. Yokoshima et al 
focused on the Shinkansen railway and revealed the combined effects of noise and vibrations on 
annoyance (5–7). Based on the above findings, to accurately assess each annoyance due to railway 

noise and vibrations, it is necessary to consider the railway categories and combined effect.  

 
1 yokoshima.7c7q@pref.kanagawa.lg.jp 
2 morihara@ishikawa-nct.ac.jp 
3 ymatsu@mail.saitama-u.ac.jp 



 

 

This study aims at clarifying the difference in the combined effects of noise and vibrations on each 

annoyance between the railway categories. In our previous paper, we confirmed annoyance due to 
railway noise is affected not only by noise exposure but also by vibration exposure  regardless of the 

railway category. Comparing the effects of noise and vibration exposures on noise annoyance, noise 
exposure had much larger effect than vibration exposure (8). Subsequently, it was found that 
annoyance due to vibrations was also significantly affected by noise and vibration exposures. The 

effect of vibration exposure on the annoyance was slightly higher than that of noise exposure (9). In 
addition, both studies showed that more residents along the Shinkansen railway are highly annoyed 
than those along conventional railway. In the above studies, we focused on the effects of exposures 

on each annoyance; therefore, no analysis was conducted by incorporating annoyance due to noise 
and vibrations into a simultaneous model. In this paper, applying the multiple-group analysis for 

structural equation modeling to a causal annoyance model we developed, we estimated the effects of 
noise and vibration exposures on each of individual annoyances. 

2. Datasets 

2.1 Outline 

Tables 1 and 2 show respective datasets for conventional railway (CR) and foe the Shinkansen 

railway (SR), which were analyzed in this paper. The datasets were derived from separate surveys, 
except for CR05 and SR05 surveys conducted along the Kyushu Shinkansen line. All the datasets were 
equipped with noise exposure, ground-borne vibration exposure (only in the vertical direction) and 

each annoyance due to railway noise and vibrations (5-point verbal scale).  
Several datasets include data on detached house (DH) and apartment building (AB). Most of 

detached house and apartment building are made of wood and reinforced concrete, respectively.  
Therefore, the level of railway-induced noise in apartment building is lower than that in detached 
house. Similarly, because of different foundation structure, resident in apartment building is exposed 

to lower level of railway-induced vibration than that in detached house. Taking the differences into 
consideration, this paper analyzed data on only detached house.  

Table 1 – Outline of conventional railway datasets 

ID FY Location Methoda Annoyance Sample size 

CR01 ‘97 Kanagawa Visit-Mail unbearable 310 

CR02 ‘02 Kanagawa Visit-Mail ICBEN d 422 

CR03 ‘04–‘06 Fukuoka Visit-Mail ICBEN d 653 

CR04 ‘11 Saitama Visit-Mail ICBEN d 171 

CR05 ‘11 – ‘12 Kumamoto Visit-Visit ICBEN d 559 

a: Distribution-collection method. 
 

Table 2 – Outline of the Shinkansen railway datasets 

ID FY Location Linea Methodb Annoyance  Sample size 

SR01 ’95 – ‘96 Kanagawa TSL Visit-Mail unbearable 709 

SR02 ’01 – ‘03 Kanagawa TSL Visit-Mail ICBEN 872 

SR03 ‘03 Fukuoka SSL Visit-Mail ICBEN 358 

SR04 ‘04 Aichi TSL Interview ICBEN 175 

SR05 ‘11 – ‘12 Kumamoto KSL Visit-Visit ICBEN 559 

SR06 ‘13 Kumamoto HSL Mail-Mail ICBEN 294 

SR07 ‘16 Ishikawa & Toyama HSL Mail-Mail ICBEN 927 

a: Tokaido Shinkansen line (TSL), Sanyo Shinkansen line (SSL), Hokuriku Shinkansen line 
(HSL), and Kyushu Shinkansen line (KSL). 

b: Distribution-collection method.  



 

 

2.2 Noise and vibration exposures 

Noise and vibration exposures were estimated based through on-site measurements in areas along 

the railway. A-weighted sound exposure level (LAE) of the pass-by noise was measured or estimated 
at several points with different distances from the railway. Day-evening-night sound pressure level 

(Lden) was calculated based on the following time category: daytime, 7:00–19:00; evening, 19:00–
22:00; and nighttime, 22:00–7:00. For the datasets where LAeq,24h or day-night sound pressure level 
(Ldn) was available as noise exposure, we transformed LAeq,24h/Ldn value into Lden value based on the 

ratio of the frequency of service in each time category.  
Similarly, the maximum value of “Vibration Level” (JIS C 1510) (10) in the vertical direction 

(LVzmax) of the pass-by ground-borne vibration was measured at almost the same points as the noise 

measurement. The reference acceleration of the “Vibration Level” is 10−5 m/s2. As vibration exposure, 
maximum-based index (LVmax) was calculated from the mean value of the top 50% of the measured 

LVzmax values. According to the previous findings (11), the following relationship of LVzmax and 
maximum transient vibration value (MTVV: m/s2) (12) were presented for vertical ground-borne 
vibration caused by the Shinkansen railway: 10log10(MTVV/10-5)2 = LVzmax + 1.8.  

It should be noted that the exposure values were rounded to one decimal place in this paper.  

3. Results 

3.1 Demographic factors and housing structure 

Table 3 shows the frequency distribution of demographic factors  and housing structure by the 
railway category. The parentheses in the table indicate the relative frequency of each railway category. 

Overall, there were more female respondents than male respondents. Respondents aged 50 years or 
older accounted for more than 70%. This may have been due to the fact that the analysis was limited 

to data on detached houses. Therefore, wooden house probably accounts for about 90%. 

Table 3 – Frequency distribution of demographic factors and housing structure 

Item Category CR SR 

Gender 

Male 835 (39%) 1670 (43%) 

Female 1256 (59%) 2151 (55%) 

No answer 24 (1%) 73 (2%) 

Age 

less than 30 72 (3%) 156 (4%) 

30–39 156 (7%) 286 (7%) 

40–49 303 (14%) 631 (16%) 

50–59 477 (23%) 899 (23%) 

60–69 567 (27%) 1060 (27%) 

70 or older 521 (25%) 810 (21%) 

No answer 19 (1%) 52 (1%) 

Structure 

Wood 1879 (89%) 3395 (87%) 

Others 220 (10%) 461 (12%) 

No answer 16 (1%) 38 (1%) 

3.2 Relationship between noise and vibration exposures 

Subsequently, Lden and LVmax values were compared by the railway category. Table 4 shows the 

mean value of Lden according to LVmax values (5-dB intervals from 33 dB to 77 dB) for each railway 
category. There are significant differences between railway categories in the LVmax range of 48–52 dB 

or above. In the same level of exposure to vibration, the exposure to conventional railway noise is 
greater than that to the Shinkansen railway noise. In other words, the Shinkansen railway brings about 
higher level of vibration than conventional railway. 



 

 

Table 4 – Comparison of the mean value of noise exposure between railway categories 

LVmax (dB) 33–37 38–42 43–47 48–52 53–57 58–62 63–67 68–72 73–77 

CR/ Lden (dB) 45.5 46.7 48.3 56.1 61.3 65.2 70.1 73.1 79.4 

SR/ Lden (dB) 45.9 46.7 47.2 49.2 49.2 51.1 55.6 59.2 61.1 

3.3 Structural equation modeling 

Structural Equation Modeling (SEM) is a method of multivariate analysis and of identifying causal 
relationships between variables. The parameter (regression weight) indicating the degree of causality 
is determined by approximating the covariance calculated from the structural model to the covariance 

of the observed data. This method is also used in causal analysis of relationship between noise 
exposure and the responses.  

Figure 1 shows a causal structure model used for the analysis based on the previous findings. This 
model was constructed using only observed variables without introducing latent variables. The 
following variables were used for analysis: Lden and LVmax (1 dB unit), annoyance due to noise and 

vibrations (AdueN and AdueV: 1 = lowest level of annoyance to 5 = highest level of annoyance), 
gender (GND: 0 = male, 1 = female) and housing structure (STR: 0 = Others, 1= Wood).  

Variables e0 to e3, which are enclosed in ellipse, mean error variables affecting exogenous 

variables. A single-headed arrow between two boxes represents a causal relation. A double-headed 
arrow between two boxes represents a noncausal (unexplained) association. 

 
 
 

 
 
 

 
 

 
 
 

 
 
 

 
 
 

 
 

 
 

Figure – 1 A causal structure model 

Before the analysis, considering the estimation accuracy of low-/high-level exposure and the 

current status of the environments, we used the data within the following noise and vibration 
exposures: 35 dB ≤ Lden ≤75 dB and 35 dB ≤ LVmax ≤75 dB for the analysis. In addition, missing values 
for each variable were excluded for the analysis. As a result, sample sizes of conventional railway and 

the Shinkansen railway amounted to be 1824 and 3621, respectively. Moreover, we imposed no 
correlation between the following endogenous variables: Lden and GND, Lden and STR, LVmax and GND, 

LVmax and STR, GND and STR; however, we determined correlation between Lden and LVmax on account 
of identical noise and vibration sources.  

Applying the multiple-group analysis for structural equation modeling to the model, we estimated 

the weights of noise and vibration exposures on each annoyance by the railway category. Table 5 
shows the standardized regression weights. AMOS 27 was used for the analysis. As the fit indices for 

the analysis. the respective values for Root Mean Square Error of Approximation (RMSEA), 
Adjusted Goodness of Fit Index (AIC), and Akaike’s Information Criterion (AIC) obtained were 0.050, 

0.963 and 196.826.  



 

 

Table 5 – Estimates of standardized regression weights (SRW) and probabilities (P) 

Path ID 
CR SR 

SRW P SRW P 

Lden → AdueN d15 0.387 0.000 0.253 0.000 

LVmax → AdueN d25 0.183 0.000 0.124 0.000 

Lden → AdueV d16 0.372 0.000 0.189 0.000 

LVmax → AdueV d26 0.213 0.000 0.276 0.000 

GND → AdueN d35 -0.029 0.153 -0.087 0.000 

GND → AdueV d36 -0.057 0.004 -0.062 0.000 

STR → AdueN d45 -0.003 0.338 0.030 0.056 

STR → AdueV d46 0.019 0.894 0.036 0.017 

 
Table 5 shows that the weights of d15 (Lden → AdueN), d25 (LVmax→ AdueN), d16 (Lden → AdueV), 

and d26 (LVmax → AdueV) are significant and positive for each railway category. Comparing the 
weights of d15 (Lden → AdueN) and d25 (LVmax → AdueN), d15 is much larger than d25 for both 
railway categories. On the other hand, d26 (LVmax → AdueV) is larger than d16 (LVmax → AdueN) for 

the Shinkansen railway; however, d26 is smaller than d16 for conventional railway.  
d35 (GND → AdueN) for the Shinkansen railway and d36 (GND → AdueV) for both railway 

categories show significant and negative weights; however, there is no significant weight for d35 
(GND → AdueN) for conventional railway. Negative weight means that male is suffered from noise 
than female. Regarding the housing structure, the weight of d45 (STR → AdueN) is significant at a 

5% level for the Shinkansen railway whereas those of d45 and d46 (STR → AdueV) are not significant 
for conventional railway. Significant and positive weight of d46 for the Shinkansen railway suggests 
the Shinkansen railway-induced vibrations in residences made of wood are larger than other 

residences.  

4. Discussion 

Annoyance due to noise was affected not only by noise exposure but also by vibration exposure. 

Likewise, annoyance due to vibrations was also affected by noise exposure as well as vibration 
exposure. Significant and positive impacts of both exposures on each annoyance reveal combined 
effect of noise and vibrations on annoyance regardless of the railway category. These results are 

consistent with the findings of social surveys: Peris et al. (13) and Yokoshima et al (7).  
The impact of noise exposure on annoyance due to noise was larger than that of vibration exposure , 

regardless of the railway category. Whereas the impact of vibration exposure on annoyance due to 

vibrations from the Shinkansen railway was much larger than noise exposure, the impact of vibration 
exposure on annoyance due to vibrations from conventional railway was much smaller than noise 

exposure. Thus, annoyances due to noise and vibrations from conventional railway are dominated by 
the noise exposure. On the other hand, annoyance due to each of noise and vibrations from the 
Shinkansen railway are mainly affected by the respective noise and vibration exposures. The 

difference can be attributed to different relationship between noise and vibration exposures depending 
on the railway category. Higher level of noise from conventional railway brings about significant 
effects on the resident’s daily life compared to the vibrations. Therefore, the noise exposure dominates 

annoyance due to even vibrations. Conversely, people along the Shinkansen railway can perceive and 
evaluate the ground-borne vibrations clearly. Thus, the vibration exposure is the determinant of 
annoyance due to vibrations. This confirms the above result that annoyance due to vibrations in 

wooden house was significant for the Shinkansen railway.  

5. Conclusions 

To clarify the difference in the combined effects of noise and vibration on each annoyance between 

the railway categories, we developed a causal model incorporating exposure and annoyance for both 
noise and vibration simultaneously. Applying the multiple-group analysis for structural equation 



 

 

modeling to the model, we estimated the weights of noise and vibration exposures on each annoyance. 

Annoyances due to noise and vibrations from conventional railway are dominated by the noise 
exposure. On the other hand, annoyance due to each of noise and vibrations from the Shinkansen 

railway were mainly affected by the respective noise and vibration exposures. In the future, 
developing a revised causal model including the interaction item between noise and vibration 
exposures, we applied the multiple-group analysis for structural equation modeling again.  
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ABSTRACT 

Traffic-induced vibration and noise in buildings have adverse effects on the habitability and serviceability of 
buildings. In Japan, vibration and noise in buildings are assessed separately, although there have been 
previous studies conducted in different countries that shows some evidence of the combined effect of 
vibration and noise on subjective responses. A laboratory experiment was conducted to investigate the 
subjective responses to simultaneous vibration and noise induced by traffic to accumulate data for the 
combined evaluation of vibration and noise. Twenty volunteers were exposed to 31 stimuli consisting of 
different magnitudes of vibration and noise for each of three sources, i.e., conventional and high-speed 
Shinkansen railways, and road traffic. The participants were asked to rate their levels of concern and 
discomfort by the rating scale method. From the experimental results with exposures to vibration alone or 
noise alone, the magnitudes of vibration and noise at which comparable subjective responses were raised 
were identified. The results with simultaneous vibration and noise exposures suggest that there are combined 
effects of vibration and noise on subjective responses when vibration and noise having comparable effects 
were presented simultaneously. 
 
Keywords: Subjective responses, simultaneous vibration and noise stimuli, combined effect. 

1. INTRODUCTION 

Vibration and noise induced by transportation have adverse effects on the residential environment. In 

Japan, it was reported that most of the adverse comments on vibrations in residential single-family buildings 

were caused by traffic-induced vibration [1]. When people are exposed to traffic-induced vibration in 

buildings, in many cases, they are exposed to traffic-induced noise simultaneously. Such simultaneous 

vibration and noise exposure can cause some combined effect on subjective responses. 

Howarth and Griffin [2] showed that when railway noise and railway-induced building vibration occur 

together the overall annoyance depends on the magnitudes of both stimuli, and the total annoyance caused 

by a combination of noise and vibration can be determined from a summation of the effects of the individual 

stimuli. Paulsen and Kastka [3] exhibited that the assessment of the combined stimuli is dominated by the 

noise level, but it is also influenced by the simultaneously perceptible vibration. Yokoshima et al. [4] 

confirmed the combined effects of vibration/noise exposure on noise/vibration annoyance. Lee and Griffin 
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[5] have shown that total annoyance caused by combined vibration and noise of high-speed trains was 

considerably greater than the annoyance caused by noise alone. Huang and Griffin [6] investigated the 

relative discomfort caused by noise and vibration, and the results showed the “masking effect” of higher-

level noises on the discomfort caused by low magnitudes of vibration and vice versa.  

The objectives of this study were to understand the characteristics of subjective responses to simultaneous 

vibration and noise and to accumulate knowledge for the evaluation of simultaneous vibration and noise in 

the residential environment. A laboratory experiment was conducted and subjective responses to 

simultaneous vibration and noise were measured using stimuli based on vibration and noise measured in 

actual residential buildings. 

2. METHOD 

2.1 Apparatus 

A single-axis electrodynamic shaker, Asahi Corporation VSR-S150V, in a laboratory of Saitama 

University was used in the experiment. An aluminum-framed seat was mounted on the shaker platform with 

a size of 800 mm x 800 mm. The vertical acceleration of the seat surface was measured with a uniaxial 

piezoelectric accelerometer, RION PV-87, combined with a charge amplifier, RION UV-06. The triaxial 

accelerations at the center of the shaker platform were measured with a Vibration Level Meter, RION VM-

53A, to make sure the seat was rigid enough and cross-axis vibration was negligible. Signals from all 

transducers were recorded in a PC-based data acquisition system, National Instruments NIcDAQ-9178 and 

NI 9234. 

Noise stimuli were generated by a PC and presented to a participant through a headphone, SONY WH-

1000XM4. No monitoring was made for noise stimuli during the experiment. 

2.2 Stimuli 

Input stimuli presented in the experiment were based on noise and vertical vibration recorded 

simultaneously in a residential building near three transportation systems: road traffic (RT), Shinkansen 

railway (SR), and conventional railway (CR). Examples of the acceleration time history used in the input 

stimuli are shown in Figure 1. 

 

  a) Road traffic b) Shinkansen railway  c) Conventional railway 

Figure 1. Examples of the acceleration time history of the vertical vibration stimuli 

 

The amplitude of vibration stimuli was modulated to cover the possible range of traffic-induced vibration 

in residential buildings. The amplitude of noise stimuli was adjusted such that the range of subjective 



 

 

responses caused by noise stimuli was comparable with that caused by vibration stimuli. Table 1 shows the 

five levels of vibration stimuli used in the experiment in the Vibration Dose Value (VDV) with Wb frequency-

weighted acceleration, and the six levels of noise stimuli in the sound exposure level, LEA. 

 

Table 1 – Vibration and noise stimuli in all three sources 

Level of 

vibration 

or noise 

Road traffic Shinkansen railway  Conventional railway 

VDV 

(m.s-1.75) 

LEA 

(dB) 

VDV 

(m.s-1.75) 

LEA 

(dB) 

VDV 

(m.s-1.75) 

LEA 

(dB) 

V1/N1 0.035 60 0.035 59 0.041 60 

V2/N2 0.070 66 0.073 65 0.089 66 

V3/N3 0.110 72 0.149 71 0.138 72 

V4/N4 0.188 78 0.226 77 0.180 78 

V5/N5 0.380 84 0.437 83 0.450 84 

N6  90  89  90 

 

For each of the three sources, the combinations of the vibration and noise shown in Table 1 were used as 

input stimuli in the experiment. Some combinations were omitted because the effect of noise appeared to be 

dominant in a preliminary experiment. In addition, the conditions of vibration only or noise only were used 

for the comparison with simultaneous stimuli. The order of presentation of input stimuli was randomized and 

differed for each participant. 

2.3 Participants 

Twenty Japanese students from Saitama University, consisting of 14 males and 6 females, participated in 

the experiment. 

2.4 Measurement and analysis of the subjective response 

Participants were asked to rate their level of concern and discomfort after each stimulus by using a 7-step 

category rating scale with semantic labels [7], in which the label of the top category 7 contains the adverb 

corresponding to “Extremely” and the lowest category 1 contains the adverb corresponding to “Not at all”. 

The interference of reading activity was also measured by using a similar rating scale with a 5-step category, 

although the results of reading activity interference are not discussed in this paper. The participants were 

asked to assume that they were in the living room of the building and read a book or magazine (Figure 2). 

The data collected from the experiment were analyzed by using some non-parametric statistical tests, 

including the Spearman correlation test for proving the correlation between vibration and noise stimuli on 

corresponding concern and discomfort, the Wilcoxon signed-rank test to investigate the combined effect of 

simultaneously vibration and noise stimuli. The logistic regression analysis was applied to evaluate the rate 

of highly concerned/highly uncomfortable people when they were exposed to vibration and/or noise from 

transportation in residential buildings. The term “percent highly annoyed” (%HA) was proposed by Schultz 

[8] to define the rate of people who were classified in the top two categories of a 7-point scale for measuring 

noise annoyance. This paper uses the term “highly uncomfortable” beside the term “highly concerned” and 



 

 

investigates the effects of noise or/and vibration stimuli as predictors on “highly concerned” and “highly 

uncomfortable” as outcome variables. The statistical software used was R (version 4.1.3). 

 

Figure 2 - A participant during an experiment 

3. RESULTS 

3.1 Concern due to simultaneous vibration and noise induced by traffic 

Figure 3 shows scatter plots of the results of experiment for vibration or noise alone stimuli for road traffic, 

as examples. The value in the vertical axis corresponds to each step of the 7-point scale to measure concern. 

The darkness of the marker color represents the number of participants for that result. Figure 4 shows 

Spearman’s rank correlation coefficients (or rho) between the concern and discomfort caused by vibration or 

noise alone exposure and the magnitude of vibration or noise for road traffic, Shinkansen railway, and 

conventional railway. For the concern, the figure exhibits a strong association between the concern 

caused by noise alone (CN) and the sound exposure level (LEA) as well as between the concern caused 

by vibration alone (CV) and the Vibration Dose Value (VDV) for all three sources. The correlation of 

all pairs is statistically significant (p < 0.001). The rho of two variables CN and LEA is highest in the 

case of the Shinkansen railway (0.80) and the pair of CV and log10VDV is highest for road traffic 

(0.81).  

 

Figure 3 – Concern due to vibration or noise stimulus alone for road traffic 



 

 

 
CN: Concern due to noise alone; LEA: Sound exposure level; CV: Concern due to vibration alone; VDV: 

Vibration Dose Value; DN: Discomfort due to noise alone; DV: Discomfort due to vibration alone.  

Figure 4- Spearman correlation test between subjective response and intensity of stimuli for each source 

 

To investigate the relative importance of noise and vibration, the concern of vibration alone and 

the concern of noise alone were compared in each pair by applying the Wilcoxon signed rank test. If 

the concern due to noise alone is significantly higher than the concern due to vibration alone, the 

effect of noise can be dominant in simultaneous stimuli consisting of that vibration and noise. If, on 

the contrary, the concern due to vibration alone is significantly higher than the concern due to noise 

alone, the effect of vibration can be dominant in their simultaneous stimuli. If there is no statistically 

significant difference between the concern due to vibration alone and that due to noise alone, the 

effects of vibration and noise on the total concern due to their combination can be comparable. Table 

2 shows the results of the Wilcoxon test for road traffic, as an example. The highlighted cells exhibit 

the difference between concern due to vibration and noise only was not statistically significant (p  

0.05), for which the effects of vibration and noise on the concern of their combinations can be 

comparable. On the other hand, the remaining cells show the dominant effect of vibration or noise in 

the corresponding combinations because the significant difference between concern due to separate 

stimuli (p < 0.05) was shown. 

 

Table 2 – p-value in Wilcoxon signed rank test to compare the concern judgments due to vibration alone 

and noise alone for road traffic 

LEA (dB)  N1 N2 N3 N4 N5 N6 

VDVwb (m.s-1.75) 60 66 72 78 84 90 

V1 0.03 0.028 0.011 X X X X 

V2 0.07 0.507 0.097 0.001 X X X 

V3 0.11 0.066 0.518 0.108 0.024 X X 

V4 0.19 0.001 0.003 0.341 0.923 0.001 X 

V5 0.38 1.8E-04 2.7E-04 0.001 0.003 0.575 0.010 



 

 

The concern due to all simultaneous stimuli and those due to vibration and noise alone were 

compared to investigate the combined effects of vibration and noise on the concern. An increase in 

subjective response to simultaneous stimuli compared with those to vibration and noise alone implies 

the combined effect of vibration and noise on the subjective response to simultaneous stimuli. Table 

3 shows examples of the results of this comparison for all combinations for road traffic. For example, 

the concern due to the simultaneous stimuli of V2N2 (i.e., the combination of V2 and N2) was 

significantly higher than the concern due to V2N0 (i.e., the vibration alone at V2) and V0N2 (i.e., the 

noise alone at N2) (p < 0.05), so there could have been the combined effect of vibration and noise in 

this combination. The simultaneous stimuli in which the effects of vibration and noise were 

comparable tended to have the combined effects of two stimuli on concern, except for the cases of 

V2N1 and V3N1. The concern of the simultaneous stimuli V1N2 showed a significant difference  

 

Table 3 – Comparison between the concern due to all simultaneous stimuli and the concern due to 

vibration/noise alone for road traffic 

Concern due to combinations 
Concern due to 

vibration alone 

Concern due to 

noise alone 

  median median p-value median p-value 

Noise effect is 

dominant 

V1N1 2 1 0.008 2 1 

V1N2 2 1 0.004 2 0.565 

V2N3 3 2 0.001 3 1 

V3N4 5 2 0.001 3.5 0.003 

V4N5 5.5 3 0.002 5 0.666 

V5N6 7 5 0.001 6 0.042 

Comparable 

effect 

V2N1 2 2 0.015 2 0.149 

V2N2 3 2 0.002 2 0.034 

V3N1 3 2 0.145 2 0.002 

V3N2 3 2 0.033 2 0.002 

V3N3 4 2 0.002 3 0.043 

V4N3 4 3 0.078 3 0.005 

V4N4 4.5 3 0.009 3.5 0.011 

V5N5 6.5 5 0.001 5 0.008 

Vibration effect 

is dominant 

V4N1 3.5 3 0.267 2 4.1E-04 

V4N2 4 3 0.308 2 0.001 

V5N1 5 5 1 2 1.8E-04 

V5N2 6 5 0.22 2 3.4E-04 

V5N3 5 5 0.183 3 0.001 

V5N4 5.5 5 0.124 3.5 0.001 



 

 

from the concern of V1N0 but no difference with the concern of V0N2, possibly because the effect of noise 

in this combination was dominant. When the effect of noise was dominant in the concern due to simultaneous 

stimuli, the concern due to simultaneous stimuli tended to be equal to the concern due to noise alone, except 

for the combinations V3N4 and V5N6. The effect of vibration in the simultaneous stimuli V5N2 was 

dominant so that the significant difference was found only when compared with the concern due to noise 

alone. All simultaneous stimuli in which the vibration effect was dominant, the concern of simultaneous 

stimuli equals to those of vibration alone. Thus, the combined effect of vibration and noise on concern was 

observed, especially when the effects of vibration and noise were comparable. In the case of the Shinkansen 

railway and conventional railway, similar results were observed, although the results are not shown due to 

the space limitation. 

The effects of noise or/and vibration stimuli on the concern were investigated by using logistic 

regression with several models. HC, as defined above, was considered as the binomial outcome with 

1 and the responses other than HC as 0. Four models were investigated in this study. For two simple 

models, HC due to vibration or noise alone was analyzed with vibration stimuli (20 times logarithm 

with base 10 of the Vibration dose value 20log10VDV) or noise (sound exposure level LEA) as 

predictors (or independent variables). The logarithm of the VDV was used to make it comparable to 

the logarithmic nature of the sound exposure level [9]. The third model was a multiple logistic 

regression model applied for HC due to all stimuli, with vibration and noise as predictors. The fourth 

model involved an interaction term [10] of two stimuli for predicting HC due to all stimuli.  

Table 4 shows the result of the logistic regression analysis for predicting HC for the road traffic. 

The Odds Ratio (OR) and 95% of confidence interval (95% CI) of the two models for vibration or 

noise alone are higher than one. These results indicate that the vibration or noise significantly affects 

HC. Figure 5 shows the logistic regression curves to predict the percent highly concerned (%HC) for 

noise alone. The result showed that when the intensity of noise increases, %HC increases. For  

 

Table 4 – Logistic regression analysis for highly concerned (HC) for road traffic  

Sources Models Predictors 

Highly concerned (HC) 

OR 
(95%CI) 

P 
(Wald’s 

test) 

RT 

Simple (Vibration 
stimuli alone) 

20log10VDV 
1.42 

(1.13 - 1.79) 
0.003 

Simple (Noise stimuli 
alone) 

LEA 
1.44 

(1.21 - 1.71) 
< 0.001 

Multiple 
20log10VDV 

1.30  
(1.21 - 1.41) 

< 0.001 

LEA 
1.10  

(1.06 - 1.14) 
< 0.001 

Multiple with 

Interaction term 

20log10VDV 
1.56 

(0.72 - 3.34) 
0.257 

LEA 
1.07 

(0.95 - 1.20) 
0.246 

20log10VDV*LEA 
0.99 

(0.99 - 1.01) 
0.646 



 

 

 

Figure 5 – Percent highly concerned due to road traffic noise alone (gray hatching: 95% CI) 

 

multiple-variable models, the OR and 95% CI are higher than one only for the model without the 

interaction term of vibration and noise stimuli. The model with the interaction term showed no 

statistical significance (p > 0.05, Wald’s test). This may be consistent with the finding by Howarth 

and Griffin [2] that the addition of the interaction variable between vibration and noise stimuli to their 

regression model did not improve the model of predicting total annoyance. Similar conclusion was 

drawn for Shinkansen railway and conventional railway, although, for conventional railway, the 

model for vibration stimuli alone was not statistically significant possibly because of only five 

responses corresponding to HC. 

3.2 Discomfort due to simultaneous vibration and noise induced by traffic 

Spearman’s rank correlation coefficients between the discomfort due to vibration or noise stimuli alone 

(DV or DN) and the magnitude of vibration or noise for the three sources and corresponding stimuli. The 

result of the test is shown in Figure 4. Similar tendency to the concern evaluation was observed in the 

figure. All testing pairs were highly correlated and statistically significant (p < 0.001). The 

relationship between DV and VDV was highest for road traffic and the relationship between DN, and 

LEA was highest for Shinkansen railway.  

The highlighted cells in Table 5 in the case of the road traffic exhibit the difference between the 

discomfort caused by vibration and noise only was not statistically significant (p  0.05), for which 

the effects of vibration and noise on the discomfort of their combinations can be comparable. On the 

other hand, the remaining cells show the dominant effect of vibration or noise in their corresponding 

combinations because the significant difference between discomfort due to separate stimuli (p < 0.05) 

was shown. 

Two simultaneous stimuli V1N2 and V5N1, for example, in Table 6 for the road traffic showed 

significantly higher discomfort when compared with the discomfort due to vibration or noise alone, 

respectively, because the effect of vibration or noise was dominant. For these simultaneous stimuli,  



 

 

Table 5 – p-value in Wilcoxon signed rank test to compare the discomfort judgments due to vibration alone 

and noise alone for the road traffic 

LEA (dB)  N1 N2 N3 N4 N5 N6 

 VDVwb (m.s-1.75) 60 66 72 78 84 90 

V1 0.03 0.050 0.009 X X X X 

V2 0.07 0.457 0.033 0.003 X X X 

V3 0.11 0.388 0.588 0.020 0.002 X X 

V4 0.19 0.006 0.014 0.557 0.520 0.002 X 

V5 0.38 1.9E-04 2.8E-04 0.002 0.030 0.141 0.005 

 

Table 6 – Comparison between the discomfort due to all simultaneous stimuli and the discomfort due to 

vibration/noise alone for road traffic. 

Discomfort due to combinations 
Discomfort due to 

vibration alone 

Discomfort due to 

noise alone 

  median median p-value median p-value 

Noise effect is 

dominant 

V1N2 2 1 0.023 2.0 0.149 

V2N2 3 1 0.001 2.0 0.020 

V2N3 3 1 0.001 2.0 0.374 

V3N3 3.5 2 0.002 2.0 0.837 

V3N4 4 2 0.000 3.0 0.008 

V4N5 5 2.5 0.002 5.0 0.463 

V5N6 6 4 0.001 6.0 0.124 

Comparable 

effect 

V1N1 2 2 0.023 2.0 1.000 

V2N1 2 2 0.059 2.0 0.507 

V3N1 2 2 0.014 2.0 0.013 

V3N2 2.5 2 0.003 2.0 0.005 

V4N3 4 2 0.022 2.0 0.004 

V4N4 4 3 0.008 3.0 0.008 

V5N5 6.5 3 3.2E-04 5.0 0.006 

Vibration effect 

is dominant 

V4N1 3 5 0.149 2.0 0.002 

V4N2 3 3 0.295 2.0 0.003 

V5N1 5 3 0.200 2.0 1.9E-04 

V5N2 5 5 0.037 2.0 2.9E-04 

V5N3 5 5 0.022 2.0 0.001 

V5N4 5.5 5 0.004 3.0 0.001 

 

there was no combined effect of the two stimuli on the discomfort judgments. On the contrary, almost 

all simultaneous stimuli in which the effects of vibration and noise were comparable showed 



 

 

significant difference in the discomfort compared with the discomfort due to vibration and noise alone 

(p < 0.05), except for V1N1 and V2N1. The simultaneous stimuli tended to have the combined effect 

on discomfort especially in case that the two stimuli have comparable effect. In the case of Shinkansen 

railway and conventional railway, some simultaneous stimuli induced significantly higher discomfort 

than vibration or noise exposure alone.  

To evaluate the effect of vibration and/or noise stimuli for predicting the “percent highly 

uncomfortable” (%HU), the logistic regression analysis was applied in a similar manner to that 

described in the preceding section. The results of the logistic regression analysis for road traffic are 

presented in Table 7. Figure 6 shows the logistic regression curves of %HU for noise alone. The 

results presented in Table 7 and Figure 6 show that the results of the logistic regression analysis for 

discomfort were similar to those for concern shown in Table 4 and Figure 5, although the model  

 

Table 7 – Logistic regression analysis of being highly uncomfortable in the case of the road traffic 

Sources Models Predictors 
Highly uncomfortable 

OR 
(95%CI) 

P 
(Wald’s test) 

RT 

Simple (Vibration 
stimuli alone) 

20log10VDV 
21.10 

(0 - Inf) 
0.995 

Simple (Noise 
stimuli alone) 

LEA 
1.36 

(1.18 - 1.56) 
< 0.001 

Multiple 
 

20log10VDV 
1.27 

(1.17 – 1.38) 
< 0.001 

LEA 
1.11 

(1.07 - 1.15) 
< 0.001 

Multiple with 

Interaction term 

20log10VDV 
1.35 

(0.62 - 2.97) 
0.451 

LEA 
1.10 

(0.97 - 1.24) 
0.124 

20log10VDV*LEA 
0.99 

(0.99 -1.01) 
0.874 

 

 

Figure 6 – Percent highly uncomfortable due to road traffic noise alone (gray hatching: 95% CI) 



 

 

for vibration stimuli alone in Table 7 was not significant because of only four choices for HU. A better 

regression model to predict %HU was the multiple logistic regression model involving vibration and 

noise as predictor variables. 

A similar analysis was applied for conventional railway. Similar tendency of the results to road 

traffic was observed. For Shinkansen railway, the model for predicting %HU for vibration alone was 

statistically significant. 

4. DISCUSSION 

Lee and Griffin [5] investigated the effects of vibration and noise on annoyance in buildings during 

the passage of a nearby high-speed train in a laboratory experiment with recorded train noise and 

20Hz vibration. Their result showed that the total annoyance caused by combined vibration and noise 

was considerably greater than the annoyance caused by noise alone at all levels of noise. Although 

the combined effect of vibration and noise was observed, the effect of noise at all levels may be not 

comparable to the effect of one magnitude of vibration. In this study, significant difference in the 

subjective response between simultaneous stimuli and vibration or noise stimulus alone was found for 

most of the simultaneous stimuli in which the effects of two stimuli were comparable and for a few 

of other simultaneous stimuli in which the effect of vibration or noise was dominant. Therefore, the 

condition of simultaneous stimuli in which the combined effect is observed needs further investigation. 

5. CONCLUSIONS 

The effects of simultaneous vibration and noise induced by traffic on subjective responses were 

investigated by conducting the laboratory experiment. The following conclusions can be drawn: 

(1) There were the combined effects of vibration and noise stimuli on concern and discomfort 

when participants are exposed to simultaneous stimuli consisting of vibration and noise having 

comparable effect on those subjective responses. 

(2) The probability of highly concerned and highly uncomfortable responses to all stimuli used in 

this experiment are predicted better by the multiple logistic regression model without 

considering the interaction term of two stimuli than the model with the interaction term.  
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ABSTRACT 

Epidemiological studies show associations between chronic noise exposure and disease, but the biological 

pathways remain poorly understood. Here we aim to investigate the mechanisms that may link sleep 

disruption by environmental noise with the development of disease. In a laboratory sleep study, N=12 young, 

healthy individuals spent five consecutive nights in acoustically isolated bedrooms. Subjects were exposed 

to nocturnal traffic noise of different types (road, rail and air) and noise levels (45-65 dB LAS,max). There were 

also nights with continuous pink noise, which may improve sleep by masking the traffic noise that would 

otherwise disturb sleep. We measured objective sleep quality and quantity with polysomnography, and self-

reported sleep and wellbeing outcomes via questionnaires. We also measured cardiovascular response with 

electrocardiography and finger photoplethysmography. To identify neurobehavioural and metabolic 

consequences of nocturnal noise, we measured cognitive performance across multiple domains with a 

computerised test battery every morning and evening, and collected daily blood samples for metabolomics 

analysis. We anticipate that noise-induced sleep disturbance will lead to biological changes that in the long-

term may be precursors for cardiometabolic disorders. Analysis is currently ongoing, and results will be 

presented at the congress. 

 

Keywords: environmental noise, pathophysiological mechanisms, noise masking 

1. INTRODUCTION 

Sleep is a highly complex process that is essential for physical and mental function.1-5 

Experimental investigations on sleep loss and sleep fragmentation reveal adverse physiologic changes 

that are precursors to disease, including neurodegeneration.6-13 Accordingly, epidemiologic studies 

consistently find associations between chronic short or interrupted sleep and negative health outcomes 

including increased risk for obesity, diabetes, hypertension, cardiovascular disease and all -cause 

mortality.14-18 Sleep of sufficient quantity and quality is therefore a key component of health, and its 

disruption by environmental stressors, including noise, has important public health implications. 

Traffic noise is a highly prevalent environment stressor that contributes to sleep loss and 

fragmentation. However, reductions in total sleep time and sleep fragmentation by nocturnal traffic 

noise are generally less severe than in studies of experimentally-induced sleep restriction. 

Nevertheless, sleep disturbance by traffic noise in the long-term may lead to the development of 

disease, particularly cardiometabolic diseases,19-30 and chronic exposure to nocturnal traffic noise is 
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associated with many of the same cardiovascular diseases and metabolic disorders linked with 

restricted and fragmented sleep. This suggests overlapping mechanistic pathways between long -term 

sleep restriction and noise exposure and the genesis of disease, although evidence linking metabolic 

outcomes to chronic noise exposure is sparser.31 

One promising non-pharmacological intervention to protect against noise-induced disruption, and 

promote sleep generally, is so-called “white noise machines” (WNMs). However, contrary to their 

widespread use, we find that the quality of evidence for the efficacy of WNMs as a sleep aid is very 

low.32 Importantly, WNMs may not only be ineffective as sleep aids, but the noise they introduce may 

actively disrupt sleep.33, 34 Furthermore, it is conceivable that much like the brain, the auditory system 

needs downtime during sleep for recovery, for instance clearing metabolic -by-products accumulated 

during waking hours.1 Precluding such recovery periods with long-term WNM use might contribute 

to sound-induced auditory fatigue and increased listening effort.35 As such, it remains an open 

question as to whether WNMs can promote sleep per se or whether their use may have adverse 

consequences on sleep and auditory function. Furthermore, nothing is known regarding the 

effectiveness of WNMs for mitigating the sleep-disrupting effects of nighttime traffic. 

2. METHODS 

To deepen our understanding of experimentally-induced disruption of sleep and changes in 

metabolic and cognitive function, and to determine the efficacy of a non-pharmacological sleep aid, 

we performed an experimental pilot study. The study was approved by the local ethics committee 

(Swedish Ethical Review Authority, 2021-06812-01). The study protocol was registered prior to 

subject recruitment on ClinicalTrials.gov (NCT05319262). Study subjects provided informed consent 

prior to the start of the study, were financially compensated for their participation, and could 

discontinue at any time without explanation. 

2.1 STUDY PROTOCOL  

The study took place in the sound environment laboratory (SEL) at the University of Gothenburg 

Department of Occupational and Environmental Medicine. The SEL is a high-fidelity research 

laboratory equipped to simulate a typical apartment, including three individually light -, sound- and 

vibration-isolated private bedrooms. Ceiling mounted speakers in each room allowed us to create a 

realistic acoustic environment by transmitting sound exposures from the control room to each 

bedroom individually.  

The study used a prospective within-subjects cross-over design. Participants spent five consecutive 

nights in the SEL, with a sleep opportunity between 23:00-07:00. The first night was a habituation 

period to the study protocol and for familiarization with the test procedures. Study nights 2-5 were 

experimental nights and were randomly assigned across participants using a Latin square design to 

avoid first-order carryover effects. Each subject was exposed to one night of each of the following:  

• Quiet night: No noise was played. This night served as a control night to assess individual 

baseline sleep, metabolic profile, and cognitive performance;  

• Traffic noise night: to determine consequences of noise-disrupted sleep; 

• Pink noise night: To determine impact of continuous pink noise on sleep; 

• Traffic + pink noise night: simultaneous traffic and pink noise at the same sound pressure levels 

as in the traffic-only and pink noise-only nights, to determine sleep-protecting effects of pink 

noise in the face of traffic noise. 

 

Study subjects arrived at the SEL by 20:00 each evening. They then completed the Cognition test 

battery,36, 37 comprising of 10 computerized tests covering a range of cognitive domains: sensorimotor 

speed, spatial learning and memory, working memory, abstraction and concept formation, spatial 

orientation, emotion identification, abstract reasoning, complex scanning and visual tracking, risk 

decision making, and vigilant attention. Each night we recorded physiologic sleep with 

polysomnography (PSG) and cardiovascular activity with electrocardiography (ECG) and finger 

photoplethysmography. Each study morning, subjects provided a 2ml blood sample for metabolomics 

analysis, completed Cognition, and completed a short questionnaire including different dimensions of 

sleep quality and disturbance in the preceding night, 38 sleepiness,39 and sleep disturbance by noise.40  

Subjects could follow their normal daytime routine, but were prohibited from alcohol, ingesting 

caffeine after 15:00, and napping, confirmed with measures of daytime activity via wrist actigraphy 

monitors worn continuously throughout the study. Because sound-induced auditory fatigue may be 



 

 

affected by noise exposure during participant’s normal routines, 41 subjects wore a noise dosimeter 

during the week of the study to record their daytime noise exposure. Because extreme and/or variable 

dietary behaviour can affect the metabolome/lipoprotein profile,42 participants were required to eat 

the same evening meal on each day of the laboratory study, which was confirmed via a food diary. 

2.2 PARTICIPANTS 

Twelve healthy participants (mean age 23.6 years, range 21-29 years; 7 females, 5 males) were 

recruited via public advertisement around the University of Gothenburg campus and online. They were 

habitually good sleepers with a habitual mean bedtime of 22.41 and mean rise time of 07.08, i.e. 

closely aligning with the experimental sleep opportunity times. They did not suffer from any sleep 

disorder, use any sleep medications or medications with potential side effects impacting sleep, or use 

white noise machines or other similar machines or apps to aid their sleep. All participants had normal 

hearing, which was assessed via pure tone audiometry to 20 dB HL. 

 

2.3 NOISE EXPOSURE 

For traffic noise exposure, we used high fidelity audio recordings of aircraft, road and rail traffic.43 

There were 120 traffic noise events (40 each of road, rail and air), at five different maximum sound 

pressure levels (45-65 dB LAF,max) across the night. We randomized the distribution of the length of 

intervals between noise events (3 to 5 minutes) and maximum sound pressure levels  to obtain an even 

distribution throughout the night (23:00-07:00). The same traffic noise audio file was used at the same 

sound pressure levels for all nights with traffic noise across all subjects. For the “pink noise” exposure, 

we used an audio file of continuous pink noise (20 to 20,000 Hz). This was played at a constant level 

of 45 dB LAEq continuously during the night. All sound pressure levels were calibrated to 10 cm above 

the pillow in each bedroom prior to the study, so that these levels accurately reflect the noise exposure 

of the subjects during sleep. 

3. RESULTS 

Data completeness for all outcomes is summarized in Table 1.Two subjects dropped out after 

completing three nights in the study. Acoustic dosimetry data were unavailable for one subject due to 

a hardware failure. One subject during their sleep removed the PSG sensors part way through one 

night. No other data were missing. 

 

Table 1 Data completeness for all outcomes across all 12 subjects and all 5 study nights. 

Measure 
Total administrations 

expected (n) 
Data obtained (n) 

Data completeness 

compared to expected 

Blood 60 56 93.3% 

Polysomnography & ECG 60 55.7 91.1% 

Questionnaires - Morning 60 56 93.3% 

Questionnaires - Evening 60 56 93.3% 

Cognition - Morning 60 56 93.3% 

Cognition - Evening 60 56 93.3% 

Acoustic dosimetry 60 51 85.0% 

Food diary 60 56 93.3% 

Actigraphy (in-lab period) 72 67 93.1% 

 

To check subject compliance to the self-regulated lights out time (23:00), we manually scored 

actigraphy data during the in-lab study period. Across all subjects and study nights, the mean ±SD 

lights out time was 22:55±00:13. This indicates generally good adherence to the protocol, although 
there were two instances where participants fell asleep rather early at 22:16 and 21:43. There was no 

evidence of daytime napping in the actigraphy records.  



 

 

4. DISCUSSION AND CONCLUSIONS 

We aimed to investigate the consequences of sleep disturbance by traffic noise , and the 

effectiveness of continuous pink noise at mitigating noise-induced sleep disturbance. To this end, in 

a controlled laboratory setting we collected data across a range of biological, psychological, cognitive 

and environmental domains. Study adherence was good, and there was minimal data loss due to 

participant dropout or technical failure. Statistical analysis of collected data is ongoing to address the 

following research questions: 

• What are the biological and neurocognitive consequences of noise-disrupted sleep? 

• Does pink noise per se improve or disturb sleep, and does pink noise reduce sleep 

disturbance by traffic noise 

Results of these analyses will be presented at the ICA 2022 Congress.  
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ABSTRACT 

Rail traffic is expected to increase in Sweden and in Europe fol lowing policy recommendations for a 

more sustainable transportation model. Still, little is known about the effects of rail traffic vibration 

and noise on the mental health of people living close to the railways. Our aim is to investigate the 

relationship between rail traffic noise, vibration and mental health. The study population (N=5381) 

was randomly selected from residents living within 1km of a trafficked railway in Västra Götaland, 

Sweden. Survey data was combined with modelled exposures and health register data (i.e., ICD10 

codes). The study uses a cross sectional design and logistic regression analysis.  Preliminary findings 

suggest an increase in poor self-rated health with exposure to vibration (OR=1.05 per 0.1 mm/s Vmax; 

95%CI 1.02-1.09) and to noise (OR=1.15 per 10 dB Lden; 95%CI 0.99-1.33). However, there were no 

clear indications of an association with depression (OR=1.02 per 0.1 mm/s Vmax; 95% CI 0.98-1.06); 

(OR=0.97 per 10 dB Lden; 95% CI 0.83-1.12) or anxiety (OR=1.01 per 0.1 mm Vmax; 95% CI 0.96-

1.05); (OR=0.96 per 10 dB Lden; 95% CI 0.82-1.12). Poor self-rated health but not registered 

depression or anxiety was associated with rail traffic vibration and noise.  

 

Keywords: Rail traffic noise, Rail traffic vibration, Mental health, Self-rated health, Depression, Anxiety 

1. INTRODUCTION 

Rail traffic is increasing in Sweden and in other European countries following policy 

recommendations for a more sustainable transportation model. Particularly relevant for health is the 

growing use of freight trains as well as the introduction of high-speed trains; previous studies show 

that these trains lead to higher levels of vibration an noise exposure with unfolding health outcomes 

for instance increased noise annoyance (1-5). 

Mental health can be defined as “a state of mental well-being that enables people to cope with the 

stresses of life, realize their abilities, learn well and work well, and contribute to their community ”(6). 

It entails a complex continuum, with varying degrees of well-being and mental distress. It can thus 

include different dimensions for instance well-being and quality of life on one and mental disorders 

such as depression and anxiety on the other. Previous studies support effects of rail traffic noise and 

vibration on several health outcomes including among others annoyance, sleep disturbance and 

diabetes (2, 4, 7, 8). Yet, fewer studies have investigated the effects of these exposures in relation to 

mental health, especially in relation to self-rated health - a comprehensive health indicator that has 

been used previously as a predictor of quality of life, including aspects such functional status, coping 

mechanisms and well-being dimensions (9-12). It is hypothesized that rail traffic noise and vibration 

can affect well-being as well as lead to mental disorders via annoyance and sleep disturbance. Our 

aim is thus to investigate the effects of rail traffic noise and vibration on selected indicators of mental 

health. 

2. METHODS 

The study population (N=5381) was randomly selected from residents (18-80 years old) living 

within 1km of a trafficked railway in Västra Götaland, Sweden. Survey data was combined with 

modelled exposures and health register data (i.e., ICD10 codes) using GIS and personal identification 

numbers. The study was conducted in accordance with the Helsinki Declaration and approved by the 
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local ethical committee.  

2.1 Measurements 

Rail traffic vibration was assessed using an empirical calculation scheme based on vibration 

measurements and geological data (soil type and depth). Vibration exposure was expressed as the 

maximum weighted vibration velocity at the building foundation (Vmax) in mm/s (13). Railway noise 

exposure for the most exposed façade was calculated using the Nordic prediction method (14). For 

each receiver point, equivalent A-weighted sound pressure level (LAeq) for the total noise exposure 

from freight and passenger traffic was assessed. Lden was constructed from the A-weighted equivalent 

level during the day, evening, and night, with a penalty of 5  dB added for the evening period 19:00 to 

22:00 and a penalty of 10 dB added for the night period 22:00 to 07:00).  

Mental disorders were assessed by registered diagnosis of depression and anxiety (i.e., ICD-10 

codes: codes F32, F33 and F41). Well-being was assessed by questionnaire data on self-rated health 

(i.e., based on the question: “How do you rate your health in the past 12 months?”). For the registered 

diagnosis, individuals were considered cases if they had a registered diagnosis at primary care, 

specialist care or in-patient hospital care settings any time between 2007 and 2017.  Self-rated health 

was dichotomized into good SRH (alternative answers: very good and good), and poor SRH 

(alternative answers: fair, poor and very poor) similar to previous studies (15). 

2.2 Analysis 

We used logistic regression models in a cross-sectional study design to test for the association 

between different indicators of mental health and residential exposure to (i) vibration (Vmax) and (ii) 

noise (Lden) separately. Models were adjusted for age and sex. We report ORs and 95% CI. Stata 16 

was used for all the analysis. 

3. PRELIMINARY RESULTS  

The prevalence of depression and anxiety was 10.1% and 9.2% respectively. The prevalence of 

poor SRH was about 10%. Compared to the reference population (about 50% female), overall 

individuals with a registered diagnosis of depression and anxiety and the ones reporting poor SRH 

were more often female (64%, 68%, 61% respectively). Logistic regression estimates do not support 

an association between rail traffic exposures and registered diagnosis of depression and anxiety. 

Overall, we observe an increased prevalence of poor SRH in association with higher levels of vibration. 

A 0.1mm/s increase in vibration velocity was associated with a 1.05 (95% CI 1.02-1.09) times higher 

risk of reporting poor SRH, adjusted to age and sex. A similar pattern was observed in relation to 

noise (Lden) (table 1). 

 

Table 1. Logistic regression analysis: mental health indicators in relation to rail traffic noise and vibration, 

separately (n=5380). 

 

 Depression 

OR (95% CI) 

Anxiety 

OR (95% CI) 

Poor SRH 

OR (95% CI)  

Noise (per 10 dB Lden) 0.97 (0.83-1.12) 0.96 (0.82-1.12) 1.15 (0.99-1.33) 

Vibration (per 0.1 mm/s Vmax) 1.02 (0.98-1.06) 1.01 (0.96 – 1.05) 1.05 (1.02-1.09) 

Models adjusted for age and sex. 

4. Discussion 

Our analyses support an association between both rail traffic vibration and noise with poor self-

rated health but not registered diagnosis of depression or anxiety. These findings suggest rail traffic 

exposures to influence well-being and health in general but not mental disorders. That doesn’t 

necessarily mean that there are no effects of rail traffic exposures on mental disorders. It rather points 

to a need to further investigate the topic. A recent meta-analysis suggests an effect of aircraft noise 

and to a lesser extent of road traffic noise on depression and anxiety. For rail traffic noise, there are 

still very few, low-quality studies to draw conclusions (16). Regarding well-being, previous studies 

are very scarce (11, 12). A systematic review reports a potential harmful effect of rail traffic noise on 



 

 

self-reported quality of life/health. Yet, the same was not observed in relation to aircraft or road traffic 

noise. Importantly, these remarks were based on low quality studies (11). Currently, to the best of our 

knowledge there are no other studies on rail traffic vibration and these outcomes.  

The mechanisms linking rail traffic exposures with self-rated health but not depression or anxiety 

are unclear. It is possible that the stigma associated with mental disorders affects the healthcare 

seeking behaviours, the actual diagnosis of depression or anxiety and the registration practices leading 

to under-reporting of these disorders (6, 11, 16). Another explanation relates to the complexity of the 

self-rated health measure that might reflect other health related factors besides well-being and quality 

of life, for instance in relation to physical health. Future studies should strive to include other 

indicators of mental health, for instance use of medication and other measures of well-being and 

quality of life (11). In addition, mechanistic studies including further adjustments as well as modelling 

potential mediators and/or moderators (e.g., annoyance, sleep disturbance, sex, socioeconomic 

position) could assist in clarifying our findings. 

We must acknowledge study limitations. There is a risk of selection bias considering the 

possibilities of over-representation of participants in the survey who are displeased and maybe 

disturbed by the rail traffic. Yet, we have compared the dose response curve of annoyance in relation 

to ground-borne vibration in our study with the curve from a Dutch study (17) with good similarities 

between these curves (18). This reflects to some extent a good representativeness of our study sample. 

Regarding the cross-sectional design, we are aware of the limitation regarding causality inferences, 

although we find reverse causality less plausible than the direction hypothesized in the study.  The 

ground-borne vibration estimations have precision limitations. However, calculations and models 

have been discussed at length between expertise in The Netherlands and Sweden resulting in greater 

knowledge and improved precision. Yet, we are aware that improvements in vibration assessment are 

still possible. 
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ABSTRACT 

Background: Railway is considered a sustainable transportation mode, but people living along the 

track are exposed to noise and vibration. Limited evidence supports an effect of transportation noise 

on several health outcomes and even less is known of the impact of vibration. Vibration is mostly 

generated by freight trains, that predominantly traffic the rail during the night-time.  

Aim: To investigate the relationship between railway vibration and noise and sleep disturbance.   

Methods: The study population (N=7280) was randomly selected from residents living within 1km of 

a trafficked railway in Southwest, Sweden. Survey data was combined with modelled exposures. The 

study adopts a cross sectional design and used a logistic regression analysis.  

Results: A dose effect relationship was found between sleep disturbance and vibration respective 

sleep disturbance and noise. The fully adjusted odds ratio for sleep disturbance per 0.1 mm/s Vmax  

was 1.39 (95% CI 1.34-1.45) whereas it was 1.21 per 1dB Lnight. (95%CI 1.18-1.24).  

Conclusion: Sleep disturbance was significantly associated with vibration and noise levels. The 

proportion of highly sleep disturbed tended to show an increase already from 0.2 mm/s Vmax and 

from 45 dB Lnight.  

 
Keywords: Sleep, noise, vibration, railway 

1. INTRODUCTION 

Rail transportation is considered a sustainable mode of transportation, as it in comparison to other 

modes of transportation have a small impact on the global climate. It is hence expected to increase 

rapidly in the near future. However, rail transportation may still affect the health as people living 

along the track are exposed to noise and vibration. Compared to road and air transportation, limited 

scientific evidence is available regarding the health impacts due to noise of rail transportation and 

even less is known of the impact of vibration due to rail traffic on people’s health. While high noise 

levels are predominantly reported from high-speed train and freight trains, vibration is mainly 

generated by freight trains. Freight trains may be particularly detrimental for sleep as they 

predominantly traffic the rail during the night-time.  

While previous studies indicated that rail traffic generated less sleep disturbance and annoyance 

compared to other transportation modes (Miedema & Vos, 2007), newer studies point to a higher risk 

of both outcomes (Basner & McGuire, 2018; Guski, Schreckenberg, & Schuemer, 2017; Zhang & Ma, 

2021). The importance of further studies of railway and its impact on health was also pointed out in 

the review of health effects due to noise in the last International Conference on Biological Effects on 

Noise ICBEN 2021 (Persson Waye & van Kempen, 2021). 

Frequently occurring sleep disturbances with fragmented and shortened sleep are per se reducing 

life quality and health but are also believed to mediate long term health effects due to noise and 

probably also vibration. To increase the knowledge on sleep disturbance due to rail traffic, we here 
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present a study investigating the impact of noise and vibration on sleep.  

2. AIM  

To investigate the relationship between railway noise and vibration and sleep disturbance. 

3. METHODS 

3.1 Study areas and population 

The study population (N=7280) was randomly selected from residents living within 1km of a 

trafficked railway in Southwestern and Central Sweden. Criteria for the selected study areas were: (i) 

within 1 km of a railway in use, (ii) the railway was trafficked by a minimum of ten passing freight 

trains per day and night, (iii) vibration measurements had been carried out in several dwellings, and 

(iv) no major motorways or air traffic nearby. The study was conducted in accordance with the 

Helsinki Declaration and approved by the ethical committee in Gothenburg.  

3.2. Socio vibro-acoustic study 

Between March and June 2017, up to two residents per household, aged 18–80 years old in the 

study areas were invited to participate in the study. Postal questionnaires were sent to 35,011 

individuals and two reminders were used. By means of the questionnaire we gathered information 

about annoyance due to vibrations and noise, sleep disturbance due to vibrations and noise, and other 

health aspects, and the determinants of these.  

Sleep disturbance due to noise and vibrations was measured with the ICBEN standardized question 

for annoyance, being slightly adapted to fit the purpose of measuring s leep. The following wording 

“Thinking about the last 12 months when you are home (with windows and doors closed) how much 

is your sleep disturbed by [noise]/[vibrations] from [passenger trains]/[freight trains]/[fast 

trains]/[diesel trains]/[maintenance on railway track]?” Answers were indicated on a 5-point category 

scale: not at all, somewhat, rather much, very much and extremely. For the statistical analyses, the 

answers on the questions were dichotomized, with very much and extremely sleep disturbed def ined 

as being highly sleep disturbed. This paper focus on freight trains and passenger trains.  

 

3.3 Exposure assessment 

Noise and vibration exposure due to rail traffic was assessed for each participant by linking home 

addresses using Geographic Information Systems (GIS) to modelled equivalent rail traffic noise levels 

and maximum vibration levels.  

Modelled railway noise exposure levels for the most exposed façade were calculated using the 

Nordic prediction method revised in 1996 (Naturvårdsverket, 1999). For each receiver point, 

equivalent A-weighted sound pressure level (LAeq) for the total noise exposure from freight and 

passenger traffic was assessed. Lnight specifically cover the night-time period 22.00 to 07.00. 

Reflection loss and/or shadowing of buildings were not included, but this simplification was found to 

give acceptable precision. 

For the calculations of railway vibration a semi-empirical model was developed based on 829 

measurements available from the Swedish Transport Administration in the study area together with 

geology data from official maps (Ögren, Ekblad, Johansson, Koopman, & Persson Waye, 2021). The 

resulting method categorized all soil types in the area into three classes and then estimated the 

vibration for different distances to the railway and depths of the main topsoil layer. The presence of 

switches, bridges, tunnels and road underpasses did not contribute significantly to the model accuracy, 

and therefore were not included in the final model. Vibration exposure due to rail traffic was expressed 

as the maximum weighted indoor vibration velocity in mm/s according to the Swedish standard. 

 

3.4 Statistical analyses 

The proportion of people with sleep disturbance was calculated for exposure categories. The 

vibration exposure categories chosen varied slightly along the exposure range so that we would obtain 

a sufficient number of people within each category. Thus, the vibration categories for the range 0.1 -

0.8 mm/s were divided into 0.1 mm/s steps, while for levels above 0.8 to 1.0 the range is given in 0.2 



 

 

mm/s steps and within the range above 1 mm/s to 1.3 mm/s in 0.3 mm increments. The last category 

above 1.3 mm/s includes all exposures above 1.3 mm/s. The noise categorization was done per 5dB 

steps. For each category, 95% confidence intervals for the proportion of cases were calculated, 

Logistic regression models were used to analyse the relationships between exposures and outcomes . 

Unadjusted models were used to calculate the predicted probability for each outcome in relation to 

the exposure. The logistic regression models would first predict the odds of having the outcome (e.g. 

being highly disturbed by vibration from freight train), and then allow for the calculation of the 

probability based on these predicted odds. These values were then plotted to visualize the associations. 

In the fully adjusted models, the following adjustments were made: age, gender, level of education, 

main employment, household income and number of years living in the dwelling.  

Questions on sleep disturbance were asked separately for freight trains and passenger trains while 

vibration and noise estimates captured the total train traffic, without division into  freight or passenger 

trains. 

4. PRELIMINARY RESULTS 

 

The distance between the railway track and the study participants' households was on average 411.5 

meters. The noise exposure was normally distributed over the population ranging from 27.1 dB Lnight 

to >66 dB Lnight with the highest proportion of people being exposed to noise levels of 40 to 55 dB 

Lnight Vibration exposure varied from 0 to 2.95 mm/s with a skewed distribution. Of the study 

population, 14.7% were exposed to more than 0.1 mm/s and 4.2% were exposed to more than 0.4 

mm/s.  

The proportion of sleep disturbed and highly sleep disturbed by noise increased with increasing 

noise levels. This was especially noticeable for sleep disturbance by noise from freight trains. For 

example, at the exposure category of 55-60 dB Lnight. the proportion of participants being highly sleep 

disturbed by noise from passenger trains was 4% (95% CI: 2.6-5.9) while it was 17.3% (95% CI:14.4-

20.5) from freight trains. The exposure response function based on the predicted probabilities of the 

unadjusted logistic regression models regarding high sleep disturbance by noise from freight trains 

indicates a curve linear growth from 45dB Lnight with a more rapid growth from 55dB Lnight. The 

interpretation of the shape of the curve needs to be done with caution given the low number of people 

being exposed to lower and higher levels of noise. The association between high sleep disturbance by 

noise from freight trains and noise level was statistically significant with a fully adjusted odds ratio 

of 1.21 per 1 dB Lnight. (95%CI 1.18-1.24). 

Regarding vibration, the proportion of sleep disturbed and highly sleep disturbed increased with 

the vibration exposure. This was especially noticeable for sleep disturbance by vibration from freight 

trains. For example, at the vibration exposure category of 0.3-0.4 mm/s, the proportion of participants 

reporting high sleep disturbance by vibration from passenger trains was 3.4% (95% CI: 0.9-8.5) while 

it was 19.3% (95% CI: 12.7-27.6) for freight trains. The increase in proportion of highly sleep 

disturbed for freight trains was most clearly seen from 0.1 mm/s to 0.5 mm/s, after which the 

association seemed to flatten out and increase again at levels exceeding 1.3 mm/s. The interpretation 

of the shape of the derived exposure response curve needs to be done with caution given the low 

number of people being exposed to higher levels of vibrations. The association between high sleep 

disturbance by vibration from freight trains and vibration level was statistically significant with a 

fully adjusted odds ratio of 1.39 per 0.1 mm/s (95% CI 1.34-1.45).  

5. Concluding comment 

The study supports an association between both vibration and noise from trail traffic and  

disturbed sleep. The disturbance was clearly higher for freight trains as compared to passenger trains. 

The exposure response functions need to be corroborated in further studies but indicate an association 

between high sleep disturbance already from 0.2 mm/s Vmax and from 45 dB Lnight.  

Study limitations adhere to a risk of selection bias of the population due to poor response rate. Yet, 

when we compare the exposure response curve of annoyance in relation to ground-borne vibration in 

our study with the curve from a Dutch study (Van Kamp et al., 2015) we find good similarities between 

these curves (Vincens et al., 2021). This indicates that our study sample could be representative of a 

larger sample. Regarding the cross-sectional design, we are aware of the limitation regarding causality 

inferences, although we find reverse causality less plausible than the direction hypothesized in the 



 

 

study. 

Exposure calculations have precision limitations, this is especially the case for ground vibrations. 

The calculations and models have been discussed at length between expertise in The Netherlands and 

Sweden which has resulted in increased knowledge and precision. However, further refinements are 

possible. For the estimation of noise exposures, we need to acknowledge that at the lower noise 

exposures, other noise sources from e.g. road traffic could affect the results, even though we 

deliberately avoided major roads during the study area selection. A general comment is that  we should 

not exclude the possibilities that a combination of exposures may affect the outcomes, even if these 

exposures may involve different sense organs and hence mediated via different biological influence 

pathways. These possible interactions will be looked at in further analyses. 
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ABSTRACT 

There is increasing evidence that a complex interplay of factors within children's environments, including environmental 
noise, contributes to mental ill-health and suboptimal cognitive development later on in life. The concept of the life-course 
exposome helps to study the impact of the physical (e.g., acoustic) and social environment on cognitive development and 
mental health in young people over time. Equal-Life develops and tests combined exposures. Data from eleven studies 
(N=240.000) linked to exposure data will provide insights and policy guidance into aspects of physical and social 
exposures hitherto untapped at different scale levels and timeframes while accounting for social inequities. Exposure 
assessment combines GIS-based environmental indicators with omics approaches and new data sources, forming the early-
life exposome. Statistical tools integrate data at different spatial and temporal granularity and combine exploratory machine 
learning models with hypothesis-driven causal modeling. Equal-Life contributes to the exposome concept by 1) integrating 
the internal, physical and social exposomes, 2) studying life-course effects on a child's development and mental health, 3) 
characterizing the child's environment at different stages and in different activity spaces, 4) looking at supportive 
environments for child development, rather than merely pollutants, 5) combining physical, social indicators with novel 
effect markers. 
 
Keywords: Exposome, Children, Early Life Exposures, Mental health, Cognitive development 

1. INTRODUCTION 

The places where children are born and grow up in matter, for their development and well-being later on in life. 
Most of the time in early life is spent in the dwelling and its immediate vicinity and this comes together with a 
range of physical and social exposures, both negative and positive. And although we know that the impact of these 
is a resultant of a complex interplay between them most environmental research, and this includes noise research, 
is domain and often source-specific and usually studied independent from the social and policy context.  

Health inequalities are growing also in the domain of mental health or at least the awareness of these. Increased 
health risks, at least in the western world, can be attributed to an accumulation of unfavorable circumstances in a 
given neighborhood: Combined physical and social characteristics, and spatial features distinguish one 
neighborhood from the other. These characteristics include aspects as levels of air pollution and noise, the number 
of industrial sites, percentage of homeownership, age distribution, and the percentage of lower levels of education 
and income, lower-quality housing, higher population density and less green areas, and distinguish such 
neighborhoods in an unfavorable sense. Cause and impact are difficult to unravel, and so is the relationship between 
the characteristics of the total environment - also referred to as exposome - and health. This is the case for physical 
and social aspects but also for a combination of these and the interaction. However, research confirms a link 
between education, profession, income, and health. These links are by no means straightforward. Whether health 
inequalities can be attributed to a combination of neighborhood characteristics or to the people who live in them 
is often unclear. The concentration of vulnerable social groups in neighborhoods due to selection mechanisms 
might explain the inequalities rather than the actual physical and social environment they share. Also, research 
from an environmental psychology perspective reveals that environmental stressors do not always have the same 
effects on health. Attitudes, expectations, sensitivity to the environment, coping strategies, and the conviction on 
the part of individuals that they control their own living environments have been shown to play a crucial role.  

  

 
1 Irene.van.kamp@rivm.nl 

ABS-0016



 

 

 
 
 
 

 
 
 
 
 
 
 
 
 
Figure 1: Domains of the exposome  
 
Figure 1 shows the main domains of the exposome concept, offering a framework to study the complex interplay 

between physical, social, and spatial characteristics, as described above. The exposome concept was coined in 
2005 and later expanded to emphasize the importance of human environmental exposures.1,2 The concept refers to 
the totality of exposures from a variety of external and internal exposures over a complete lifetime, from conception 
onward. It reinforces the idea that health and its counterpart are the product of the individual's history of exposures, 
resources, vulnerability, and coping capacity. Research into the exposome is facilitated by and, maybe, a 
consequence of technological developments that complement more traditional epidemiological study designs.3 
However, just labeling a study as an exposome study is no guarantee that all relevant exposures are considered. 
There is still a tendency to ignore some exposures in favor of others, and in general, we can state that non-chemical 
exposures, including noise, tend to be neglected in current exposome research in the field of environment and 
health.4 

2. EQUAL-LIFE APPROACH  

Based on a person-context-process-time framework, the European Union's Horizon 2020 Equal-Life project5 
addresses the mechanisms deemed relevant for the association between the exposome and child's cognitive 
development and mental health.  

  

 
 
Figure 1 Perspectives on the fit between children and their environment (adapted from6) 
 

The main aims are to study the long-term effects of the interactions between the child and its environment during 
development on mental health and cognitive development and to provide guidance to policymakers to optimize the 
environment of children based on these findings. The environment is hereby broadly defined to include the indoor 
en outdoor environmental quality, features of the built and natural environment, social, economic and cultural 
dimensions, and perceived quality of place and life. 

 
Four objectives are pursued to reach this aim: 

 
Objective #1: Innovate exposure assessment combining aspects of early-life physical environments with social 

 



 

 

aspects of the environment. Environments of children and adolescents/young adults are the point of attention 
because they have systematically been understudied in this domain. 
Objective #2: Define and map the pathogenic and salutogenic environmental factors of mental health and cognitive 
development  
Objective #3: Compose and explore a set of interventions for different life stages with the purpose of enhancing 
the quality of settings and spaces relevant to children's activities in their social context, leading to more health 
equity.    
Objective #4: Develop evidence-based guidance that anticipates trajectories of changes in health distribution if the 
exposome, or its elements, are altered at different levels. 

 
Within Equal-Life, we distinguish between the external exposome, subdivided into the physical exposome, the 
social exposome, and the internal exposome. The physical exposome is directly related to the description of the 
state of the environment - such as green spaces, sound, and air quality, and access to high-quality and safe public 
spaces and playgrounds. The social exposome focuses on the social and psychosocial environment as well as on 
social (in)equities in mental health and cognitive development. This pertains to (in)equities in exposure distribution 
and accumulation across generations, vulnerability to exposures, and potential equity impacts of urban (planning) 
policies on different societal groups. The internal exposome is a consequence of external exposome filtered by 
personal vulnerabilities, cognitive processing and lifestyle. It is measured in the person and can include biomarkers 
(i.e., indicators of exposure, susceptibility or outcome) but can also include processes that happen in the body and 
that can be analyzed as a whole. Biomarkers are biological indicators measurable in saliva, hair, blood or urine. A 
well-known example is the hormone cortisol as a marker of stress.   
   Equal-Life's key outcomes are well-being, internalizing symptoms, externalizing behavior, cognitive effects 
and diagnosed mental illnesses. Key mechanisms include stress, sleep, restoration, self-regulation, and coping.     
 

3. METHOD  

3.1 Who is in the study 

Equal-life makes use of existing data from cohort and school studies and will collect new data to enrich the 
exposure data in the cohorts, including physical exposure data of high granularity and social data that better 
characterize the social and societal context and to gain a more in-depth understanding of the mechanisms of sleep, 
self-regulation, and stress. We have access to eight European cohorts, one national longitudinal school study, and 
two cross-sectional studies. The cohorts cover seven Western European countries and include at least 226,807 
children (mother/child pairs) for whom longitudinal data are available on mental health and cognitive development 
endpoints, including biomarkers. The school studies, which are primarily cross-sectional, include an additional 
15,866 children. Some of them also provide parental information and retrospective information on perinatal 
circumstances. The data cover an age range from prenatal to 24 years.  

 

3.2 What has been measured and will be measured  

The cohorts and school studies were selected based on their focus on children and data availability on indicators 
of mental health and/or cognitive development and preferably containing information on the key mechanism 
studied (stress, sleep, self-regulation, and restoration). The cohorts and school studies also include data at different 
locations and times on a range of exposures, including aspects of the built environment, outdoor and indoor 
environmental quality (air pollution, noise pollution, dampness, moulds, light and lifestyle related factors 
(nutrician, screen time, physical activity etc.). The cohort and school studies available within Equal-Life also 
comprise data on sociodemographic characteristics and socioeconomic circumstances at the individual level of the 
children. These data are currently being grouped and described in detail in an overall matrix of exposure data for 
the cohorts. This matrix will form the basis for further data harmonization. Exposure will focus on six domains: 
outdoor and indoor environmental quality, built environment, natural environment, lifestyle, and social features. 
Data will be enriched with features of the built environment and improved models to estimate levels of outdoor 
and indoor noise and air exposure.      

Apart from secondary analyses, six in-depth studies are designed within the framework of Equal-Life, including 
a study into the activity patterns of different social and age groups to investigate what environments children 
frequent, how often they go, and how much time they spend there to obtain more precise exposure estimates at 
places other than home or school. A second in-depth study is aimed at examining the influence of real-life 
classroom scenarios on auditory processing and cognitive performance, with the ultimate aim to improve classroom 



 

 

acoustics. A third and fourth in-depth study in (pre)school children in Germany and Belgium is aimed at the effects 
of physical and social exposures at (pre-)school and at home on children's well-being, cognition, and EEG 
parameters of auditory processing. And finally, an in-depth study into sleep is being performed in Sweden, whilst 
secondary analyses will make use of existing sleep data in the Austrian Alpine study. The main aim of these studies 
is to gain more insight into the role of sleep in the association between combined exposures and mental health 
indicators and cognitive performance.  

3.3 Analyses  

Equal-Life combines a non-targeted machine learning approach with hypotheses testing approaches making use 
of structural equation models and multivariate analyses. In order to get to grips with development in time and the 
role of exposure at different ages/life phases, trajectories of outcomes will be studied where data are available.   

 

4. CONCLUSION  

Mental ill-health is a growing problem in Europe, in general, and in particular among children and adolescents, 
or at least the awareness of these problems is increasing and have become more visible, especially during the 
pandemic. The life-course exposome concept, referring to the totality of exposures from conception onwards, 
might be a way forward to better understand the environmental causes of this trend. The EU-funded Equal-Life 
project develops and utilizes the exposome concept in an integrated study of the external exposome and measurable, 
internal biological factors and links those to a child's development and life course mental health. This is done while 
using a novel approach combining exposure data to characterize, measure, model, and understand influences and 
inequities at different developmental stages. The study distinguished itself by paying ample attention to the role 
of social factors and their interplay with the physical environment, by its focus on children and adolescents, and 
by taking mental health and cognitive development as the main outcomes, including non-chemical exposures, such 
as environmental noise. The ultimate goal is to provide guidance to (local) authorities on how to develop the best 
supportive environments for all children.  
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ABSTRACT 

Background: Studies have indicated that environmental exposure to noise during pregnancy may increase 

the risk of adverse birth outcomes. However, these associations are not clear particularly for transportation 

noise and there is a need for high-quality studies. 

Objectives: To assess whether transportation noise exposure during pregnancy is associated with the risk of 

small-for-gestational age (SGA), preterm birth (PTB), and low birth weight (LBW). 

Methods: Registry-based cohorts from Sweden (n=179,194), Finland (n=138,158) and Denmark 

(n=177,240) were used, and residential outdoor levels of road and rail traffic noise were modelled using the 

Nordic prediction model. Country-specific results of logistic regression analyses adjusted for potential 

confounders (maternal age, parity, marital status, smoking and education, neighborhood income, traffic-

related air pollution, and access to green and blue areas) were combined in meta-analyses.   

Results: Preliminary results show that exposure to road traffic noise (per 10 dB increase) was associated 

with a 3% non-significant increased risk of SGA. Exposure to railway noise (per 10 dB increase) was 

associated with a significant increased risk of SGA (OR=1.06, 95% CI=1.01, 1.10). No clear associations 

were found for PTB and LBW. 

Conclusions: Elevated levels of rail traffic noise at the residence during pregnancy may increase the risk of 

SGA. 

Keywords: birth outcomes, transportation noise, pregnancy 

1. INTRODUCTION 

Noise is an omnipresent pollutant that has been associated with both auditory and non-auditory 

health effects. It has been estimated that at least one million healthy life years are lost every year in 

Western Europe due to noise exposure (1).  

A few studies have shown increased risk for small for gestational age (SGA) (2) and low birth 

weight (LBW) (3) among the offspring of mothers exposed to noise during pregnancy. However, the 

evidence on the effects of noise on birth outcomes is inconclusive. A systematic review by Hohmann 

et al. (4) and a more recent review by Dzhambov et al. (5) found inconclusive results on the 

associations between maternal exposure to environmental noise during pregnancy and birth outcomes 

including low birth weight (LBW), small for gestational age (SGA) and preterm birth (PTB).  

Furthermore, in a literature review by the World Health Organization (WHO), Nieuwenhuijsen et el. 

(6) concluded that the number of studies on environmental noise and birth outcomes was small, and 

that the quality of evidence generally ranged from very low to low. Therefore, there is a need for high-

quality studies that have robust and comparable exposure assessment methods, and that disentangle 

associations for different sources of noise, while controlling for multiple confounding factors 

including air pollution, green space, and blue space.  

ABS-0775



 

 

The objective of this specific study is to assess whether road and rail traffic noise exposures are 

associated with adverse birth outcomes namely preterm birth, low birth we ight and small for 

gestational age, by using the cohorts from four Nordic countries included in the project.  

2. METHODS 

Study participants 
Data from registries in Sweden (n=179 194), Finland (n= 138 158), Denmark (n=176 695), and 

Norway (n= 96 407) were used to assess the risk of adverse birth outcomes in relation to residential 

transportation noise exposure during pregnancy. The study period ranged from 2004-2016 and the 

included areas were the metropolitan areas of Stockholm, Gothenburg, Helsinki, Copenhagen, and 

Oslo.   

Outcome measure 

National population registers were used to collect information regarding the birth outcomes.  We 

classified singleton births with pregnancy duration of at least 22 weeks into PTB, SGA and LBW. PTB 

was defined as <37 full weeks of gestation (<259 days) and LBW as birth weight <2500 g. SGA was 

defined as birth weight less than -2SD of the mean for each gestational week, for boys and girls 

separately.  

Exposure assessment 

Information on addresses during pregnancy was collected from registries and used for modelling 

of transportation noise. Exposure from different transportation noise sources was calculated as day -

evening-night noise levels (Lden) using the well-established Nordic prediction method (7). Noise 

levels were estimated for each year of the study. The façade noise level within 20 m from the 

residential coordinates was used to assess exposure to road and rail traffic noise. Exposure to 

transportation noise was calculated for the entire pregnancy.  

Statistical analysis 

Preliminary analyses have been conducted only in Sweden, Denmark, and Finland. Birth outcomes 

were analysed in relation to residential noise exposure using logistic regression. Exposure was 

included linearly for road- or rail traffic but was also analysed in categories for assessment of non-

linear associations. The confounders included were registry-based information on individual and area-

level factors, as well as modelled data at the home address. Covariates were selected a priori and were 

included stepwise in different models, and the final model was adjusted for maternal age, parity, 

smoking, education, marital status, neighbourhood income (below 20th percentile yes/no), NO2 (PM1 

in Sweden), access to green and blue areas, aircraft noise (above or below 50 dB) and occupational 

exposure to noise (four categories). 

3. PRELIMINARY RESULTS 

The meta-analyses for linear exposure (by 10 dB increase in noise level) revealed increased risk 

for SGA in relation to road traffic noise (OR=1.03, 95% CI=0.99-1.06) as well as railway noise 

(OR=1.06, 95% CI=1.01, 1.10, per 10 dB increase). As the numbers show, the association was stronger 

and significant only for the railway noise. The results did not show any clear associations for PTB or 

LBW due to exposure to rail or road traffic noise. There was even a small significant decreased risk 

of PTB and LBW in relation to road traffic noise, although the risk was not present in all countries 

and was possibly due to residential confounding.  

4. CONCLUSION  

Exposure to elevated levels of residential rail and road traffic noise during pregnancy may increase the risk 

of SGA indicating an effect of noise on foetal growth. This association was most clear for rail traffic noise. 
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ABSTRACT 

Chronic aircraft noise impairs children’s cognition. In the literature, LAeq and Lden are the dominating noise 

exposure metrics for calculating the relationship between noise and cognition, although other noise metrics 

such as the number above threshold (NAT) exist. There is initial evidence from regression models that the 

NAT metric served as a second (unique) significant predictor over and above LAeq. However, regression 

models only consider a limited number of noise metrics due to possible multicollinearity problems. This 

necessary selection of variables may have resulted in a bias in the results regarding the relevance of noise 

metrics for children’s cognition. In contrast, machine learning (ML) methods are able to consider the 

complete scope of variables in an analysis while dealing with possible multicollinearity of predictors. For 

this reason, we re-analyzed previous results of the NORAH study using random forest models (one type of 

ML) and 65 traffic noise exposure metrics. We found the NAT metric to be an important predictor of 

children’s reading achievement. We recommend the NAT metric to be considered in the Law for Protection 

against Aircraft Noise. 

 

Keywords: NAT, Children, Cognition 

 

1. INTRODUCTION 

 

Children are vulnerable to traffic noise because they are less able to cope with environmental 

stressors than adults (1). Previous studies show particularly negative effects of the stressor chronic 

aircraft noise exposure on children's cognition (e.g., 2, 6). Clark and Paunovic report in their WHO 

review that the evidence regarding negative effects of aircraft noise on reading achievements of 

primary school children can be considered well established (3). However, Thompson et al. (4) 

concluded in their recent systematic review with meta-analysis that there is only moderate evidence 

for an association between aircraft noise and reading achievements of children across studies. In their 

meta-analytic examination of the relationships, only the LAeq was included. Obviously, the LAeq is 

the dominant metric in the literature, although other metrics exist that are less rough than an average 

level and could improve the exposure description. Therefore, Kamrath and Vigeant (5) have demanded 

alternative metrics in order to achieve a substantial increase in explained variance of children ’s 

cognitive performance. 

 

To achieve an incremental value of other exposure metrics that may predict negative effects of 

aircraft noise on children´s cognition, Spilski et al. (7) conducted further analyses of the NORAH data 

set, with different aircraft noise exposure metrics. Their previous multi-level regression results (7) 

confirmed that the number above threshold (NAT) served as a second (unique) significant predictor 

over and above LAeq, for the harmful effects of aircraft noise exposure on children’s cognition. This 

supports the idea that, when assessing effects of aircraft noise on children´s cognition, both the 



 

 

average of noise intensity (as mirrored by the LAeq), and the number of flight events above a certain 

noise threshold (NAT) should be considered.  

 

However, regression models only consider a limited number of noise metrics due to pos sible 

multicollinearity problems. For this reason, we could only include a maximum of three aircraft noise 

metrics in our prior regression models without having estimation problems (7). This necessary 

selection of variables may have resulted in a bias in the results regarding the relevance of aircraft 

noise metrics for children’s cognition. In contrast, machine learning (ML) methods are able to 

consider the complete scope of variables in an analysis while dealing with possible multicollinearity 

of predictors. Random forest models (8) are one type of ML. Although these methods can offer 

advantages, they have hardly been used in the research context of traffic noise and children’s cognition. 

For this reason, we re-analyzed the NORAH data with a random forest model (one type of ML) and 

65 traffic noise exposure metrics. We focused on reading as an outcome to show whether the NAT 

metric in addition to the LAeq and other traffic noise metrics shows up as a significant noise exposure 

metric. 

 

2. Method 

2.1 Participants 

The present data set was collected within the NORAH study. Detailed information on sampling are 

provided by Klatte et al. (6). Mean age for children was 8 years and 4 months (SD 5 months). 

Concerning children's cognition, school and living environment, socio factors, complete data were 

available for 1,118 children and their parents.   

 

2.2 Assessment of Acoustic Metrics 

For details about the assessment of traffic noise metrics see Moehler et el. (9). Road traffic and 

railway noise levels (LAeq, Lden, LAmax) were estimated for the children's school and home 

addresses using a combination of information (e.g., traffic flow data, number of train journeys) that 

were provided by local authorities. Aircraft noise levels at children's school and home address (LAeq, 

Lden, LAmax) and the number above thresholds (NAT) for bands of five dB(A) were calculated for 

the time period of 12 months before the data collection was conducted. Descriptive statistics for 

selected metrics at the home and school address are shown in Table 1. For more information about 

room acoustics in the NORAH study, see Klatte et al. (10). 

 

Table 1 - Descriptive statistics for selected traffic noise metrics (NORAH study) 

  Aircraft  Road traffic  Railway 

Home  M Range  M Range  M Range 

LAeq, 06-22 dB (A) 49.15 36.40-60.80  53.24 36.20-77.30  45.94 30.00-76.80 

LAeq, 22-06 dB (A) 42.47 30.00-55.10  45.05 30.10-67.80  46.58 30.00-78.10 

Lden, 00-24 dB (A) 51.74 40.80-63.60  54.86 37.40-78.50  51.24 30.00-84.20 

LAmax, 22-06 dB (A) 57.95 39.00-76.00   

LAmax, 00-24 dB (A)   62.32 35.00-96.00 61.81 30.00-97.00 

Home 

Day 06-22  

NAT (bands) 

≥60 <65 dB (A) 45.52 0.04-165.23   

≥65 <70 dB (A) 28.77 0.01-180.37 

≥70 <75 dB (A) 11.60 0.00-121.21 

≥75 <80 dB (A) 3.90 0.00-40.73 

Home 

Night 22-06 

≥60 <65 dB (A) 4.61 0.00-15.37 

≥65 <70 dB (A) 3.05 0.00-14.79 



 

 

NAT (bands) ≥70 <75 dB (A) 1.33 0.00-12.31 

≥75 <80 dB (A) 0.41 0.00-5.31 

School 

Day 08-14 

NAT (bands) 

≥50 <55 dB (A) 23.71 4.15-57.75   

≥55 <60 dB (A) 22.60 0.67-66.33   

≥60 <65 dB (A) 18.01 0.03-58.77   

≥65 <70 dB (A) 9.95 0.00-63.61   

Notes. Taken from Spilski et al. (12) and Spilski et al. (7). Table 1 shows a sample of selected 

traffic noise metrics. A total of 65 traffic noise metrics was included in the random forest 

calculations.  

 

2.3 Tasks, Materials and Procedure 

 

The following description of the procedure has been published elsewhere (e.g., 6). The questioning 

of the children was performed in groups of whole classes. The scales used in the children questionnaire 

comprised health-related quality of life, home and school environment, annoyance, and noise at home, 

among others. The parental questionnaire contained questions concerning children’s well-being, 

living environment, health-related outcomes and socio factors (e.g., SES). Reading was assessed 

through a standardized reading comprehension test for primary school children instructed in German 

language (11). In addition to reading, the test battery included nonverbal abilities and verbal 

precursors of reading acquisition, i.e., story comprehension, phonological awareness, and rapid access 

to phonological representations. More details concerning the procedure, the questionnaires, and 

statistical examination of psychometrics are provided by Klatte et al. (10). Population density 

(urbanization) and average imperviousness (excluding green space) were calculated. For more details 

see Spilski et al. (12).  

 

2.4 Statistical Analysis 

 

For statistical analysis, we used the random forest algorithm. The random forest algorithm is a 

supervised machine learning method based on multiple decision trees (8). Supervised machine 

learning refers to the use of labeled training data. The training data are labeled as there is a known 

target (e.g., reading comprehension) for each data point. The machine learns to map the known result 

(target) as best as possible with the available data. For this purpose, many trees are used and not only 

one tree.  

 

This supervised machine learning model can be used for both classification and regression 

problems, depending on the type of outcome variable. In our analysis, the random forest algorithm 

was used for a regression task, since our target reading was measured as a continuous variable (T-

Score). We included 162 predictor variables (including 65 traffic noise exposure  metrics, examples 

were given in Table 1) and the target “reading comprehension” in the machine learning model. The 

implementation of the random forest algorithm was done in the "randomForest" R package (13) in 

combination with the "iml" (14) and "partykit" (15) R package to obtain additional measures of model 

quality. 

 

Feature (variable) importance is the most common used statistic when interpreting random forest 

results. The importance of variables can be expressed as mean decrease in prediction accuracy 

(referred to as "Mean Decrease Accuracy", MDA) when the values of the predictor variable are 

randomly permutated in a so-called out-of-bag sample (16). The random forest utilizes bootstrapping 

on a subset of variables for each tree. This subset of variables is "in-the-bag" for one tree. Thus, the 

out-of-bag sample contains the subset of variables not included in the bootstrap sample of one specific 

tree (17). Since only a subset of the variables is considered at each branch of a decision tree, the 

influence of strongly correlated features can be reduced. Therefore, random forest models can deal 

with many correlated traffic noise variables and associated multicollinearity problems. The MDA as 



 

 

a statistical parameter for the interpretation of random forest quantifies the mean increase of 

prediction error across all decision trees if the feature (variable) was omitted from the trees . 

 

In this paper we focus on the target reading comprehension and used the MDA as importance metric. 

For this purpose, 1,000 randomization trials with a maximum of 5 nodes per tree were performed to 

obtain robust prediction trees as a result.  

 

3. Results 

 

A total of 162 predictors was included in the random forest analysis. Figure 1 shows the results of 

the random forest analysis for the most important 25 predictors. Not surprisingly, cognitive 

achievement such as the long-term memory, rapid retrieval of phonological representation and 

phonological awareness are the most important predictors of reading achievement. In addition to 

cognitive predictors, education-supportive variables such as the number of books at home, 

socioeconomic status, parental support for school, and attitudes toward school and reading (Joy at 
school, school confidence, I only read when I have to) emerged as additional significant predictors. 

 

The traffic noise related predictors with an influence on the outcome reading achievement are 

highlighted in grey. It was found that only the aircraft noise exposure variables (but not road traffic 

and railway noise exposure) were identified as an important predictor. In particular, the number of 

flight events (NAT) emerged as a relevant predictor. Most important, the analysis showed the number 

of aircraft noise events between 10 p.m. and 6 a.m. with 65 ≤ noise exposure < 70 dB (A) and with 

70 ≤ noise exposure < 75 dB (A). Both night-time and daytime metrics are important for predicting 

reading comprehension, however, with an emphasis on night-time-related metrics. Interestingly, the 

LAeq, 05-06 a.m. in the morning off-peak time was found to be important in addition to the NAT 

predictors.  

 

 
Figure 2 - Results of random forest algorithm – Top 25 variable importance plot,  

MDA = Mean Decrease Accuracy 

 

 



 

 

4. CONCLUSIONS 

 

While data sets in studies on traffic noise exposure often include a wide range of potential predictor 

variables, regression models quickly become a challenge because of statistical limitations like 

multicollinearity. For this reason, Spilski et al. (7) could only include a maximum of three aircraft 

noise exposure metrics in a multi-level regression model without encountering estimation problems. 

With the present paper, we aimed to address this possible bias in the results regarding the relevance 

of correlated aircraft noise measures for children's reading achievement. Therefore, we re-analyzed 

the NORAH data with a random forest model (one type of ML) and 162 predictor variables (including 

65 traffic noise exposure metrics). Cognitive achievement (e.g. rapid retrieval of phonological 

representation), education-supportive variables (e.g., number of books at home, socioeconomic status) 
and attitudes toward school and reading (e.g., joy at school) are important predictors of reading 

achievement. In addition, eight traffic noise exposure variables were important predictors under the 

TOP 25 predictors. Surprisingly, only the aircraft noise exposure metrics were important, but not the 

road and railway traffic noise exposure variables.   

 

Further, the NAT metric was the dominating aircraft noise exposure variable as predictor of reading 

achievement in primary school children. The night time related metrics NAT ≥65 <70 dB, (A) and 

NAT ≥70 <75 dB, (A) proved to be the most important. Interestingly, the LAeq, 05-06 a.m. in the 

morning off-peak time was found to be important in addition to the NAT predictors.  These results 

suggest that the last sleep phase of primary school children and the number of disturbances caused by 

the number of aircraft noise events above thresholds have an impact on reading achievement in 

children. These results indicate that the final sleep phase of primary school children and the number 

of potential disturbances (number of aircraft noise events) during fall asleep and sleep phase can have 

an impact on reading achievement. 

  

In addition, the results show that random forest models can serve as a tool to identify the (relative) 

importance of predictors that could not be included in one and the same regression model. To avoid 

multicollinearity, a multitude of sequentially conducted regressions would have been necessary, which, 

however, would have increased type I error (18). However, we also see that random forest models 

may not be able to handle very hierarchical data as given for aircraft noise exposure per class. 

Furthermore, it seems that mediation relationships as shown by Spilski et al. (7) are not represented 

by random forest models. Both of the aforementioned limitations may have resulted in only home-

based aircraft noise exposures proving to be important, as there is no hierarchical dependence here 

and possibly more direct effects exist. For these reasons, more complex machine learning approaches 

such as neural networks should be examined in the future and theory-based analyses should continue. 

 

Nevertheless, we again found that the NAT metric is an important predictor of children's reading 

achievement, although we used a more exploratory "unbiased" statistical approach (ML: random 

forest). Along with previous results by Spilski et al. (7), this is another indication that the NAT 

criterion should be considered more strongly in research and noise protection in the future.  
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ABSTRACT
Hearing protectors, such as earplugs remain the last resort to protect workers from occupational noise. However,
wearing earplugs is accompanied with discomfort issues, one of which is the occlusion effect (OE) associated
with the increased auditory perception of the bone-conducted sound at low frequencies when occluding the
earcanal. The objective OE is commonly measured by the difference between the tympanic sound pressure
levels in the open and occluded ears when the head is excited by a bone transducer. Artificial test fixtures
(ATFs) could serve as useful tools for designing more comfortable earplugs with reduced OE, given their ease
of manipulation. However, the existing ATFs dedicated to OE assessments (thus accounting for the outer ear
bone conduction path), do not allow for closely reproducing the phenomena observed on human participants.
Additionally, the numerical models used to design these ears have not been experimentally validated. This work
aims to develop an artificial ear for the objective quantification of OE, which is simple in geometry but realistic
enough to replicate the principal vibroacoustic behavior of the human outer ear. First, it is designed through
finite element modeling. A corresponding test fixture is then physically fabricated and used for experimental
evaluation of the design.

Keywords: Artificial ear, Occlusion effect, Finite element modeling

1 INTRODUCTION
Hearing protection devices, such as earplugs, remain the last resort for protecting workers exposed to hazardous
noise. However, wearing earplugs is usually accompanied with discomfort issues, which may lead to an im-
proper use and limit their actual efficiency in practice. One of the discomfort issues is the occlusion effect
(OE). It commonly refers to the increased auditory perception of the bone-conducted sound at low frequencies
(typically below 1 – 2 kHz) when the ear is occluded [1]. The experienced OE can be attributed to the outer,
middle and inner ear bone conduction paths. But as the bone conduction hearing in an occluded ear is dom-
inated by the outer ear path at low frequencies [2], an objective indicator of the OE can be obtained by the
difference between the tympanic sound pressure levels in the open and occluded earcanals of a human subject
when his head is stimulated by a bone transducer (referred to as the objective OE).

It is recognised that the earplug position in the earcanal and the type of earplug have an impact on the OE
[1]. However, earplug manufacturers often lack appropriate tools to design their products with the minimum
OE. Instead of the direct measurement on human subjects, acoustic test fixtures (ATFs) could serve as useful
tools for assessing the objective OE, better understanding its cause, and even ultimately designing more comfort-
able earplugs with a reduced experienced OE, given their ease of manipulation. But the most commonly used
commercial ATFs conforming to the ANSI standard [3] are not supposed to account for the bone conduction.

A few previous studies have attempted to develop virtual and experimental testers for designing ATFs dedi-
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cated to assessing the objective OE. Brummund et al. [4] have built a 2D axisymmetric artificial (outer) ear1 to
validate the OE simulated by a finite element (FE) model. Such a design is simple in geometry and allows for a
low computational cost when performing numerical parametric studies. However, its geometry with an oversized
cartilage part, is not realistic enough to represent a human ear. In addition, due to a lack of time and resources,
this artificial ear has not been fully tested and could not reproduce the loading condition used in the model.
More recently, a more realistic 3D artificial ear has been developed based on a corresponding FE model [5, 6].
Its geometry is reconstructed from the medical images of a real human ear and includes different components,
such as the bone, cartilage and skin. This artificial ear is truncated and adapted to facilitate the experimental
manipulation under similar loading and boundary conditions as the model. But the excitation is put on the bony
part, which is not close to the tests on human subjects where a bone transducer is used to directly stimulate the
soft tissues. Additionally, the design model has not yet been validated since large discrepancies were observed
between the simulated and measured sound pressure levels in both the open and occluded earcanals.

Besides the truncated ears mentioned above, FE models of the entire human head can be found in the
literature [7], which are able to use more realistic anatomies and boundary conditions for capturing the OE
induced by the bone conduction through the head. But on the other hand, the numerical study of Carillo et
al. [8] has recently shown that a truncated ear, under judicious loading and boundary conditions (i.e., radially
excited on its surrounding tissues while partially constrained), can correctly reproduce the vibratory behavior
of the earcanal walls (which is regarded as the source of OE), and thus provide a satisfactory OE prediction
compared to the experimental data on human subjects. However, this is challenging to realize in practice.

The goal of this paper is to develop a simplified artificial ear but adequate for quantifying the OE, and to
validate the design in a controlled environment. First, the design of the artificial ear is proposed based on a
FE model, which is simple in geometry but accounts for essential components involved in the bone conduction
through the outer ear. Such a design also allows for a vibration excitation directly on the soft tissues. Second,
a corresponding prototype is physically fabricated and used to carry out OE measurements in a laboratory
environment. The evaluation of the design is achieved by comparing the measured OE on the artificial ear
prototype with i) that simulated using the FE model for two types of occlusion devices under similar conditions
and ii) human test data in the literature.

2 DESIGN AND FABRICATION OF THE ARTIFICIAL EAR
As mentioned in the introduction, the designed artificial ear accounts for important components involved in
the bone conduction through the outer ear, namely the bone, cartilage and soft tissues (see Fig. 1(a)). The
proportion of the volumes of the various components surrounding the earcanal is kept unchanged relative to
the realistic 3D artificial ear proposed by Benacchio et al. [5]. Instead of a curved earcanal, in this paper,
a cylindrical one with a diameter of 6.6 mm and a length of 30 mm is used to simplify the problem. The
eardrum impedance is not accounted for, and the earcanal terminal surface is considered to be acoustically
rigid. Additionally, a miniature microphone is placed at the end of the earcanal to measure the sound pressure
approximately at the “eardrum position” [9]. It is cylindrical in shape whose diameter and length are 2.8 mm
and 2.6 mm, respectively. More information about the geometry of the artificial ear is given in Section 3.2.1.

Loading and boundary conditions are chosen to replicate as closely as possible the ones adopted in the
numerical study of Carillo et al. [8]. More specifically, a parallelepiped shape is used for the artificial ear,
which is about 28.4 mm × 38.4 mm × 37 mm in size. The test bench presented in Fig. 1(b) is used for the
experimental evaluation, which includes an electrodynamic shaker connected to a vibrating plate for generating
a vibration excitation perpendicular to the artificial ear and directly on the soft tissues. Moreover, there is a
force sensor which remains motionless and can provide a certain constraint on the bony part of the ear (see
also Section 3.1).

A corresponding prototype of the designed artificial ear is fabricated by the company True Phantom Solu-
tions (Windsor, Canada) using epoxy-based composite material for the bone, and urethane-based soft resins of
different hardnesses for the cartilage and soft tissues (see part 3 in Fig. 1(b)).

1This study only focuses on the occlusion effect assessed objectively with sound pressures in the earcanal (i.e., outer ear). In the following, if
not otherwise specified, the abbreviation "OE" refers to the objective occlusion effect and the term "artificial ear" to an artificial outer ear.
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Figure 1. (a) Design of the artificial ear (symmetric view); (b) fabricated prototype fixed on the test bench for
validation: 1) electrodynamic shaker, 2) vibrating plate, 3) artificial ear prototype, 4) force sensor.

3 VALIDATION METHODOLOGY OF THE ARTIFICIAL EAR
The OE is first measured on the fabricated prototype and then compared with that simulated using a corre-
sponding FE model. The experimental procedure and modeling strategy are explained in the two following
subsections, respectively.

3.1 Experimental procedure
The OE measurements are performed in a sound absorbing room. The artificial ear prototype is placed between
(and in contact with) the force sensor2 and vibrating plate (see Figs. 1(b) and 2). The upper part of the test
bench on which the force sensor is fixed, is pre-adjusted vertically so that the prototype is subjected to a static
compression rate of about 0.8%. The dynamic mechanical excitation on the artificial ear prototype (through
the vibrating plate) is produced by the shaker, which is fed with white noise using an audio signal generator
(SRC20, Larson Davis Inc., USA). An accelerometer (322A41, Dytran Instruments Inc., USA) is attached to
the vibrating plate for measuring the displacement imposed by the shaker, and a miniature microphone (FG-
23629-P16, Knowles®, USA) is fixed at the end of the earcanal for recording the sound pressure approximately
at the “eardrum position” (see Fig. 2). The back of the microphone is covered with mounting putty to avoid
the potential influence of sound leaks (not shown in the figure). Additionally, preliminary tests for the open ear
have shown that the sound pressure measured in the earcanal of the artificial ear prototype is at least 10 dB
higher than that recorded on an in-house test fixture of a similar shape which is placed close enough to the
former but not mechanically excited. This ensures that the influence of the external sound field (e.g., ambient
noise, sound radiation of the shaker and scattering from the setup) is relatively negligible.

(a) (b)

Accelerometer

Mic

Earplug
3D printed


device

Figure 2. Experimental setup for evaluating the artificial ear design: artificial ear prototype occluded by (a) a
“rigid” 3D printed occlusion device and (b) an earplug.

2In this paper, the force sensor is not used for measurements but rather for providing a certain constraint on the artificial ear. Readers can refer
to Cyr-Desroches’ thesis [10] for additional measurement data.
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Two types of occlusion devices are tested. First, the OE of a (3D printed) plastic device mimicking an
infinite impedance at the earcanal entrance is measured (see Fig. 2(a)) as it has been investigated numerically
in [8, 11]. This device is much simpler compared to a real earplug and allows for an occlusion of the earcanal
without touching its lateral walls. The second occlusion device, as presented in Fig. 2(b), is a classical foam
earplug (3M™, E-A-R™, USA). For simplicity, only one insertion depth equal to 6 mm is tested, which corre-
sponds to a shallow insertion. The OE of each occlusion device is obtained by the following equation:

OE = 20log10

(
Hp,u,oc

Hp,u,op

)
. (1)

Hp,u,op and Hp,u,oc denote the transfer functions between the sound pressure (p) at the “eardrum position” and
the displacement (u) of the vibrating plate in the open and occluded configurations. Each test is repeated three
times by removing and repositioning the artificial ear prototype and occlusion device in order to account for
the variability related to the mounting conditions (e.g., static compression on the prototype and fitting of the
occlusion device).

3.2 Finite element modeling
3.2.1 Geometry
The FE model of the designed artificial ear is shown in Fig. 1(a) and aims at predicting the OE assessed in
practice. Besides the artificial ear, the vibrating plate is also included in the model. It has a diameter of 50
mm and a thickness of 6.4 mm (see Fig. 3(a)). The other parts of the test bench are not taken into account
for simplicity. When simulating the OE of the foam earplug, the latter is considered to be cylindrical in shape
with the same diameter as the earcanal cavity and a total length of 14 mm, neglecting the non-uniform static
deformation of the earcanal walls that might be induced by its insertion. The length of the inserted part is 6
mm which is identical to that chosen for the experiments (see Fig. 3(b)).

Bone

Cartilage

Soft tissues

Mic

ux  = 0 mm 
uy and uz = free

ux  = 1 mm 
uy and uz = 0

Earplug

Earcanal 

cavity

PML (perfectly matched layer)

External air

Artificial 

ear

Vibrating 

plate

(a) (b)

Figure 3. FE model of the system: (a) global view; (b) artificial ear wearing an earplug placed on a vibrating
plate.

3.2.2 Loading and boundary conditions
The artificial ear together with the vibrating plate is placed inside an external air domain surrounded by a
perfectly matched layer (PML), simulating the Sommerfeld condition (see Fig. 3(a)). Loading and boundary
conditions imposed on the artificial ear are chosen to best correspond to the experimental setup (see Fig. 3(b)).
First, a normal dynamic displacement with an amplitude of 1 mm is applied to a circular area of 19 mm in
diameter at the center of the vibrating plate bottom surface (in the x direction); the displacement in the yz
plane is blocked. Second, the constraint provided by the force sensor is considered in the model by blocking
the displacement in the x direction on a circular area (with a diameter of 4 mm) at the center of the bony
part top surface; the motion in the yz plane is considered to be free. At the other interfaces between fluid and
solid domains, the fluid-structure coupling boundary condition applies, i.e., continuity of tractions and normal
displacements. Third, the static compression is taken into account indirectly via the mechanical properties of
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the soft tissues (see Section 3.2.3). In the specific case of the occluded configuration by the infinite impedance,
an acoustically rigid boundary condition is imposed at the earcanal entrance (not shown in the figure).

3.2.3 Material properties
The earcanal cavity and external air are modeled as compressible perfect gas domains under standard conditions
for temperature and atmospheric pressure. The other components are considered as isotropic elastic solids.
Their mechanical properties (see Table 1) are either characterized using cylindrical specimens on a quasi-static
mechanical analyzer with a static compression rate of 0.8% (soft tissues) or adopted from the literature (bone,
cartilage and earplug). Particularly, the Poisson’s ratio of the cartilage is chosen to be equal to that of the
soft tissues as they are fabricated with similar materials [10]. The vibrating plate and microphone are made of
normal structural aluminum.

Table 1. Mechanical properties of the components in the FE model [10, 12].

Vibrating plate/mic Bone Cartilage Soft tissues Earplug

ρ [kg/m3] 2700 2267 1075 1007 220

E [kPa] 7e7 1.36e7 1650 131.2 100

ν [1] 0.3 0.31 0.478 0.478 0.1

η [1] 0.005 0.01 0.05 0.072 0.5

Table 2. Ranges of the cartilage and soft tissue properties for sensitivity analysis.

Code level ρ [kg/m3] E [kPa] ν [1] η [1]

Cartilage

-1 - 1320 0.382 0.04

0 1075 1650 0.478 0.05

+1 - 1980 0.4999 0.06

Soft tissues

-1 - 104.9 0.382 0.058

0 1007 131.2 0.478 0.072

+1 - 157.4 0.4999 0.086

Additionally, a sensitivity analysis on the properties of the cartilage and soft tissues is carried out with a
one factor at a time technique since they have been shown to have an influence on the OE [13]. Each time, one
parameter is varied while keeping the others at their nominal values given in Table 1. The ranges for the tested
mechanical properties are reported in Table 2. The values for different code levels correspond to a variation of
±20% around the nominal ones (i.e., code level 0). Note that for the Poisson’s ratios of the cartilage and soft
tissues, the value 0.4999 corresponds to the code level +1 in order not to exceed the theoretical limit of 0.53.
In particular, their densities are considered to be constant values and are not included in the analysis.

3.2.4 Meshing and solving
All the domains in the FE model are meshed using 10-noded tetrahedral elements with a meshing criterion
of at least 4 elements per wavelength in order to achieve a sufficient accuracy of the solution. Particularly,
the PML is meshed using 15-noded quadratic triangular prisms with 6 elements equally distributed along its
thickness. Simulations are performed with the software COMSOL Multiphysics (v5.6 COMSOL®, Sweden)
in the frequency range from 100 Hz to 1 kHz with a 10 Hz step. Third octave band responses are then
derived from narrow band simulation results with an in-house MATLAB routine (MATLAB 2021a, MathWorks,
USA). The sound pressures averaged over the microphone surface are computed for the open and occluded
configurations in order to determine the OE with the transfer functions as indicated by Eq. (1).

3The built-in "mixed formulation" in COMSOL Multiphysics is used to avoid numerical problems related to quasi-incompressible materials.
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4 RESULTS AND DISCUSSION
First, the simulation and measurement results of the transfer functions between the earcanal sound pressure and
displacement excitation are compared in Fig. 4, with Figs. 4(a) – 4(c) corresponding respectively to the open
configuration as well as the occluded configurations by the infinite impedance and foam earplug. Results are
displayed in third octave bands in terms of the mean values and 95% confidence intervals for the numerical
sensitivity analysis (and for the three repetitions of each experimental test, respectively). Note that due to
a low coherence between the signals of the sound pressure and displacement at low frequencies during the
measurements, the comparison is only done for frequencies above 160 Hz. The corresponding OE results are
shown in Fig. 5.

(a)

(b) (c)

Figure 4. Comparison between the simulated and measured transfer functions: (a) open earcanal; (b) earcanal
occluded by an infinite impedance; (c) earcanal occluded by an earplug.

(a) (b)

Figure 5. Comparison between the simulated and measured OEs: (a) earcanal occluded by an infinite
impedance; (b) earcanal occluded by an earplug.

These results show that i) the mechanical properties of the cartilage and soft tissues have an influence on
the simulated OE (see colored zones, Figs. 4 and 5), which is consistent with Brummund et al.’s finding [13];
ii) changes in the mounting conditions can cause non-negligible variability of the measured OE (see black
zones). On the other hand, Fig. 4(a) shows that the simulated transfer function is not in good agreement with
the measured one for the open ear at 400 Hz and above, especially around 630 Hz where a difference of
about 35 dB can be observed between the simulated and measured means. On the contrary, in the occluded
configurations, the simulation seems to capture the overall tendency of the measured transfer function in a
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satisfactory manner in most of the frequency range concerned (see Figs. 4(b) and 4(c)). Discrepancies can still
be found, such as at frequencies below 250 Hz for the ear occluded by the earplug (see Fig. 4(c)), where
a difference of up to 20 dB is seen between the simulated and measured means. A possible reason for the
observed differences could be the fabrication defects of the artificial ear prototype which can have an impact
on the measured OE but are not taken into account in the simulation. A computed tomography (CT) scan of
the artificial ear prototype shows different fabrication defects, for example i) the earcanal is not completely
cylindrical with the cartilage part not concentric with the earcanal, and ii) there are large bubbles in the bony
part [10]. In addition, there may be other phenomena that are not correctly replicated by the model, such as
the vibration of the test bench itself.

In Figs. 5(a) and 5(b), the most evident discrepancies between the simulation and measurement results of OE
around 630 Hz and 800 Hz could be mainly explained by the differences already observed from the transfer
function results of the open ear in the associated frequency band (see Fig. 4(a)). Moreover, a difference of
up to 20 dB is also seen at frequencies below 250 Hz for the ear occluded by the infinite impedance in
Fig. 5(a), which could be related to the discrepancies of the transfer functions in both the open and occluded
configurations (see Figs. 4(a) and 4(b)). But most simulation results still fall inside the 95% confidence interval
of the measurement data. Particularly, human test data in the literature (displayed as mean ± S.D.) [14] for
a shallowly inserted foam earplug is also provided in Fig. 5(b) as the reference for comparison (dashed green
curve). Apart from the inconsistency between the human test data and results of the artificial ear (both numerical
and experimental), the latter are found to capture well the decreasing tendency of OE with frequency. Additional
tests not presented here also show that the artificial ear is capable of reproducing the change in OE between
earplug types (i.e., OE difference between a foam and silicone earplug) which has been commonly observed on
human subjects [10].

In general, a similar overall behavior is observed between the simulated and measured OEs on the artificial
ear for the two occlusion devices studied. Indeed, the agreement between the simulation and measurement
needs to be further improved, and there are several paths to take for the future work. First, the real geometry
of the artificial ear prototype can be reconstructed with image processing techniques and used for the simulation.
Second, a method needs to be found for characterizing the real viscoelastic material properties of the artificial
ear components, especially for the cartilage and soft tissues. Third, the potential influence of the vibration of the
experimental setup on the system response needs to be better understood. Finally, improvements are necessary
in order for the designed artificial ear to better capture the OE measured on human subjects.

5 CONCLUSION
This paper proposed the design of an artificial ear for quantifying objectively the OE. From the numerical as-
pect, it is simple in geometry with a low computational cost for performing simulations. From the experimental
aspect, a first artificial ear prototype has been physically fabricated and used for OE measurements in a labo-
ratory environment. The designed artificial ear was evaluated by comparing the measured OE on the fabricated
prototype with i) that simulated using a FE model for two occlusion devices and ii) human test data in the
literature in the frequency range [160 Hz, 1000 Hz]. A generally comparable behavior is found between the
simulation and measurement on the artificial ear. The causes of discrepancies could be the fabrication defects of
the artificial ear prototype (i.e., system geometry), its material properties and vibration of the test bench, which
are not correctly considered in the model. Both the numerical and experimental OE results obtained on the ar-
tificial ear show a similar overall tendency to the human test data. The design needs to be further improved in
order for the artificial ear to better capture the OE observed on human subjects. But despite these limitations,
this work has demonstrated the use of an artificial ear, which differs from conventional ATFs and accounts
for the bone conduction through the outer ear for conveniently assessing the OE and studying its associated
behaviors.
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ABSTRACT 

High-intensity ultrasound around 40 kHz irradiated to the ear is clearly perceived as a high-pitched sound. 
However, few studies have been conducted on the perception of airborne ultrasound above 30 kHz, whereas 
small numbers of studies have been conducted below 25 kHz. In this study, to examine the basic perceptual 
characteristics of high-intensity airborne ultrasound around dozens of kilohertz, hearing thresholds of 40-
kHz tone burst presented by an ultrasonic speaker array were measured in normal hearing participants. As 
results, all of participants perceived 40-kHz airborne ultrasound. The mean hearing threshold was 133.3 ± 
2.7 dB SPL, much higher than that of 20-25 kHz airborne ultrasound shown in former studies. The results 
obtained indicated that the auditory system of the human has sensitivity even to 40-kHz ultrasound to some 
extent, while sensitivity of the inner ear or transmission characteristics of the middle ear deteriorate as the 
frequency increased. 
 
Keywords: Airborne ultrasound, Hearing thresholds, Ultrasonic speaker array 

1. INTRODUCTION 
Usually, the upper frequency limit of human hearing is believed not to be higher than about 20 

kHz. However, Ashihara et al. (2006) reported that a part of normal hearings (18-33 years) can 
perceive high-frequency sound up to 24 kHz radiated to the air above 88 dB SPL (1). In addition, 
several studies have reported that high-frequency sound up to at least 100 kHz can be perceived clearly 
via bone-conduction (2-4). These reports indicate that the inner ear has sensitivity to ultrasound up to 
100 kHz to some extent.  

On the other hand, Hoshi (2014) reported that high-intensity ultrasound irradiated to the head by 
an ultrasonic phased array was perceived as a high-pitched sound (5). In the ultrasonic phased array, 
ultrasonic waves around 40 kHz are mainly used. In addition, 40 kHz airborne ultrasound is also used 
in our daily lives (for example, non-destructive inspection, parking meters, automobile back sonars, 
etc.). However, a limited number of studies have been conducted on the perception of 40 kHz airborne 
ultrasound (6). In this study, to examine the basic perceptual characteristics of airborne ultrasound, 
hearing thresholds of 40 kHz airborne ultrasound presented by an ultrasonic array speaker were 
measured.  

2. METHODS 
The measurements were conducted in an anechoic room. The stimuli were presented from the left 

side of participants. Participants were asked to sit on a chair and adjust the angle of the backrest and 
posture so that left external acoustic meatus was in the center of the hole of an acrylic plate (Figure 
1). Prior to the experimental sessions, 40 kHz tone burst with a duration of 550 ms was presented 
every 450 ms at a detectable level, and participants were requested to confirm the hearing of the 
stimulus sound. 
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Hearing thresholds were measured using a 1 up-2 down three-alternative forced-choice (3AFC) 
adaptive procedure with a decision rule that estimated the 70.7% correct point on the psychometric 
function (8).  

3. RESULTS 
All of participants could perceive 40 kHz airborne ultrasound. The mean hearing threshold was 

133.3 dB SPL, and the standard deviation was 2.7 dB SPL. The highest hearing threshold among 
participants was 137.6 dB SPL, and the lowest was 125.6 dB SPL. 

4. DISCUSSIONS 
Air-conducted sounds transmit in the ear canal and reach the inner ear via the middle ear. However, 

we consider that ultrasounds will not transmit sufficiently to the inner ear because the middle ear acts 
as a low-pass filter (2,4). Therefore, a stimulus sound over a certain sound pressure level is required 
to perceive airborne ultrasounds. All of participants could perceive 40 kHz tone bursts as intelligible 
sound, and the mean hearing threshold was 133.3 dB SPL. This threshold is higher than that of 20-25 
kHz airborne ultrasound shown in the previous studies (20 kHz: about 100 dB SPL, 25 kHz: about 
125 dB SPL (6), 24 kHz: above 88 dB SPL (1)). This result indicates the deterioration of reaction 
characteristics of the inner ear or transmission characteristics of the middle ear, but further study will 
be required for detailed elucidation of perceptual characteristics of 40 kHz airborne ultrasound. 
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ABSTRACT 

Objective: To explore the association between occupational noise exposure and myocardial infarction (MI) 

one year later. 

Methods: Data came from the Swedish National Cohort on Work and Health (SNOW), comprised of all 

individuals born between 1930 and 1990 in Sweden, with demographic, occupational, and outcome data 

available from 1968 until 2017. In this study, we included working individuals with at least one occupational 

code between 1985 and 2013. These were matched to a job-exposure matrix (JEM) in five categories 

(LAeq8h): <70, 70-74, 75-79, 80-84, ≥85 dB(A). MI status in the year following exposure was ascertained 

using the patient register. To account for time-varying occupational data, we utilized a discrete-time 

proportional hazards model adjusted for individual confounders and other occupational exposures.  

Results: Preliminary results show that exposure to over 75 dB(A) of occupational noise is associated with a 

14-24% increased risk for MI one year later after adjusting for age, sex, and income. 

Conclusion: Exposure to noise was associated with an increased risk for MI one year later after adjusting for 

individual confounders among this younger, working population. Additional in-depth analyses are ongoing 

in which we plan to adjust for other occupational exposures. 

 

Keywords: occupation, myocardial infarction, register data 

1. INTRODUCTION 

Ischemic heart disease (IHD) is a leading contributor to the global disease burden (1). Though 

there is an overall decreasing trend in the incidence of myocardial infarctions (MI), younger 

individuals are not showing similar trends (2). Therefore, it is imperative to identify risk factors for 

prevention among this group. The work environment is one area that has been implicated in MI 

development.  

Noise is a common exposure in the occupational setting in both developed and developing 

countries. Though the auditory hazards of occupational noise exposures have long been established,  

studies have shown a possible association with CVD development. According to a meta-analysis, noise 

is associated with a 68% increased risk of hypertension and a 34% increase in CVD (3). The WHO 

the International Labour Organization (ILO) have recently attempted to summarize the body of 

knowledge regarding occupational noise exposure and IHD (4). Though the results corroborate 

previous findings of an increased risk of occupational noise on IHD, the authors conclude that quality 

of evidence is low, which was partially due to studies being limited to men and differences in exposure 

level cut-offs across studies (4).  

One additional limitation of previous research is that, for the most part, it does not consider 

concomitant work exposures. Two studies investigated the impact of occupational exposure to both 

noise and job strain (5, 6). Both found an increased risk of MI for those exposed to high levels of both 

job strain and noise (5, 6). Neither, however, investigated the independent impact of noise on MI.  

This study aims to investigate whether noise exposure affects the incidence of MI one year later in 

a large, population-based cohort of working individuals in Sweden, while exploring adjustments for 

individual, socioeconomic, and other occupational exposures.  
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2. METHODS 

2.1  Data sources 

For this study, we utilized the Swedish National Cohort on Work and Health (SNOW) cohort, which 

was created using the Swedish registers. Data were extracted from the Total Population Register for 

all persons born between 1930 and 1990 and residing in Sweden between 1968 and 2017. From this 

register, we obtained data on birth year and month, sex, country of birth, and yearly marital status 

among others.  

Individuals were then matched to various other register sources by their personal identification 

number. Time span of data varies for each register depending on individual variable availa bility, 

however general years are described. From the Income and Taxation Register, we obtained yearly data 

from 1968 until 2017 on total taxable income, income from work, and pension. Data from the National 

Patient Registers were used to obtain diagnosis received between 1964 and 2017 from in-and out-

patient clinics; however, diagnostic codes from primary care providers are not included in this register.  

Finally, data were also matched to the Swedish Census between 1960 and 1990, as well as to the 

Longitudinal Integration Database for Health Insurance and Labor Market Studies (Swedish acronym 

LISA) between 1990 and 2017, to obtain occupational data. From LISA, we also obtained educational 

data.  

2.2  Occupational data 

Because some JEMs used in this study are not available in all coding systems, we restricted work 

exposure data to 1985-2013. Occupational data availability differed based on the source. The census 

was collected every 5 years; therefore, to ensure complete working history, we carried forward job 

codes to all years in between each census. For instance, the job codes reported in 1985 were used for 

the period from 1985-1989. Starting in 1997, some occupational codes were already available in LISA, 

with more complete data starting in 2005. Additionally, individuals’ job data were not collected yearly. 

Therefore, we also had to impute values to obtain complete work history. For LISA, we obtained job 

data based on the closest available job code, looking backwards and forwards up to 5 years. To ensure 

that job codes were not given to those who did not work, we excluded job codes for those who had no 

taxable income reported in the Income and Taxation Register. Lastly, to account for those who were 

partially retired, but may still have an occupation reported, we removed job codes for those whose 

income from pension accounted for over 50% of their total income.  

To estimate noise exposure, we utilized a job exposure matrix (JEM) matched to the occupational 

codes from the register. This JEM was developed based on measurements from occupational health 

services, clinics, and large companies throughout Sweden. The original JEM was developed using the 

1995 modification of the 1983 version of the Nordic Occupational Classification (NYK83) coding 

system and included 321 occupational groups. This version included annual averages of the daily 8 -

hour equivalent A-weighted sound pressure level in three exposure classes (LAeq8h) encompassing 

the time span from 1970 to 2004 and was shown to be valid (Sjöström 2013). It has since been updated 

to include newer measurements and was expanded to five exposure classes, <70, 70.74, 75-79, 80-84, 

≥85 dB(A), available from 1970-2014 in five-year intervals. This JEM was then translated into 

different coding systems to reflect the availability of job codes throughout the years in the Swedish 

registers.  

Occupational information was available from the Swedish Census from 1960 to 1990 and from 

LISA from 1997 until 2017.  In the census, variations of the NYK coding system were used . In LISA 

the Swedish occupational classification versions 1996 and 2012 were available (SSYK96 and 

SSYK2012, respectively); however, for this study we only use the SSYK96 coding system available 

until 2013. 

2.3  Outcomes 

We obtained outcome data from the National Patient Register. These were coded using the 

International Classification of Diseases, 7 th, 8th, 9th and 10th revisions (ICD-7, ICD-8, ICD-9, and 

ICD-10). Codes for MI were extracted starting in 1968 until 2014. For this study, we only included 

the first MI occurrence. If an individual had no previous MI history in the register, but were given a 

recurrent MI ICD code, they were also excluded.  

2.4  Covariates 



 

 

Covariates considered were based on availability in the registers and the logic model specified in 

Teixeira et al (4). Individual confounders considered were age, sex, income, and education. Apart 

from education, all variables were available for the entire study period, with education being available 

starting in 1990. Income and education were treated as time-varying confounders.  

In addition to individual covariates, we also wanted to explore the independent effect of noise on 

MI; therefore, we also included occupational exposures from other JEMs. Occupational exposures 

considered were physical workload, decision authority, whole-body vibrations, hand-arm vibrations, 

particles, and chemicals. Based on previous evidence (5, 7-9), we chose to consider physical workload, 

decision authority, whole-body vibrations, lead, carbon monoxide, diesel exhaust, polycyclic aromatic 

hydrocarbon (PAH), and welding fumes. Work is ongoing to investigate the possible pathways and 

potential interactions between noise and these other occupational exposures.  

2.5  Analyses 

For each year between 1985 and 2013, we compiled the set of individuals who had no history of 

MI up until that point. Thus, once individuals have a MI, they were no longer considered at risk. 

Exposure ascertainment occurred on a yearly basis based on available data. The SNOW cohort is an 

open cohort; thus, individuals could enter the cohort at any point in the study period. For each year, 

MI was ascertained for the year after noise exposure and covariate measurement. In this study, 

inclusion criteria were as follows: 16 years of age or older, received some income in the previous year, 

have received less than 50% of income from pension sources.  

To assess the impact of noise exposure on MI risk, we used a discrete time proportional haza rds 

approach. Two models have currently been created, a minimally adjusted model, which includes year 

as the underlying time variable and adjusted for individual risk factors (age and gender), and a second 

model in which we also adjust for income. We have also created models stratified by sex. Work is 

currently underway to explore how to adjust for other work exposures. All statistical analyses were 

conducted using SAS version 9.4 (SAS Institute, Cary, NC, USA).  

We obtained approval from the regional ethical review board in Stockholm, Sweden. 

3. RESULTS 

A total of 6,675,938 individuals with at least one job code during our study period were included 

in this study, of which 3,408,002 (51%) were men. Figure 1 shows the number of individuals at risk 

in each exposure year by gender.  

 

 

 

Figure 1: Yearly number of participants with an occupational code by sex from 1985-2013. 

 

Table 1 shows the hazard ratios (HR) and 95% confidence intervals (95% CI) for the entire 
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population and stratified by sex. After adjustment for individual risk factors, exposure to noise levels 

between 70-74 dB(A) was associated with an increase of 1.21 (95% CI: 1.18 - 1.23), 75-79 dB(A) 

with an increase of 1.31 (95% CI: 1.28 - 1.33), 80-85 dB(A) with an increase of 1.30 (95% CI: 1.27 - 

1.33), and 85 dB(A) and over with an increase of 1.30 (95% CI: 1.27 - 1.34). When including income, 

results were slightly attenuated. Results stratified by sex show that for the highest level of 

occupational exposure, women are at a higher risk than men, even after adjusting for income. Results 

are preliminary and current work is ongoing to investigate how to appropriately adjust for 

socioeconomic confounders. 

 

Table 1: One year risk of myocardial infarction (MI) according to noise exposure assessed by an job 

exposure matrix (JEM) [HR=hazard ratios; CI=confidence intervals.] 

Exposure Model 1a Model 2b 

Noise HR 95% CI HR 95% CI 

All   

<70 1 (ref) 1 (ref) 

70-74 1.21 1.18 - 1.23 1.14 1.12 - 1.16 

75-79 1.31 1.28 - 1.33 1.23 1.21 - 1.26 

80-84 1.30 1.27 - 1.33 1.22 1.20 - 1.25 

≥85 1.30 1.27 - 1.34 1.24 1.20 - 1.27 

Men     

<70 1 (ref) 1 (ref) 

70-74 1.24 1.21 - 1.26 1.17 1.15 - 1.20 

75-79 1.34 1.31 - 1.37 1.27 1.24 - 1.30 

80-84 1.36 1.33 - 1.39 1.28 1.26 - 1.32 

≥85 1.31 1.28 - 1.35 1.25 1.22 - 1.29 

Women     

<70 1 (ref) 1 (ref) 

70-74 1.11 1.07 - 1.16 1.06 1.02 - 1.11 

75-79 1.24 1.18 - 1.31 1.18 1.12 - 1.25 

80-84 1.05 1.00 - 1.10 0.96 0.91 – 1.00 

≥85 1.53 1.33 - 1.77 1.45 1.26 - 1.67 

 

a Model 1: adjusted for age and sex 
b Model 2: adjusted for age, sex, and income 

4. CONCLUSIONS 

In this nationwide, prospective cohort of all Swedish individuals, exposure to noise was associated 

with an increased risk with a 14-24% increased risk for MI one year later. Results when stratified by 

sex show that women exposed to the highest noise category have higher risks than men. This is the 

first large-scale study to investigate the exposure to noise on MI while accounting for sex.  

Our preliminary results corroborate previous findings. Teixeira et al obtained an estimate of 1.29 

(95% CI: 1.15-1.43) increased risk of incident IHD for noise levels above 85 dB(A) in p rospective 
studies (4). Our results are pertinent to MI only and reflect acute exposures to noise since outcome 

was ascertained one year later. Additionally, our results apply to younger individuals who received at 



 

 

least 50% of their income from work in the previous year.  

Analyses are ongoing to disentangle the relationships between noise and MI independent of other 

work exposures. Further work is being conducted to investigate the optimal way of adjusting for 

socioeconomic status. 
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ABSTRACT 

Environmental exposure to noise and particle matter (PM) are risk factors for cardiovascular disease (CVD). 

Although there are often higher levels in occupational settings, little is known about noise and particle 

exposures at work and CVD risks. We investigated occupational noise and particle exposures and acute 

effects on pulse rate and blood pressure. 46 active, non-smoking, male construction workers were included 

in the study. Continuously logged personal exposure measurements of noise (LAmax, LCpeak) and dust of 

PM 0.1-10, continuously logged pulse rate and blood pressure measurements were performed for one 

working day on each participant. Significant associations were seen between these three exposures and acute 

changes in pulse rate. The effects were seen below the Swedish occupational exposure limits for LAmax and 

LCpeak, indicating that these limits may not protect from adverse cardiovascular effects. Also, an additive 

effect on pulse rate was seen if simultaneously exposed to noise and dust. No association were found between 

these exposures and blood pressure. 

 

Keywords: Noise, Pulse rate, Blood pressure 

1. INTRODUCTION 

The most common cause of death in the world is cardiovascular disease (CVD). According to the 

World Health Organization (WHO) approximately 18 million deaths were due to CVD in 2019 (1). 

However, by addressing modifiable risk factors, for example occupational risk factors, many CVD 

can be prevented. Therefore, it is important to identify these risk factors. 

Earlier studies have observed an association between environmental transportation noise exposure 

and increased incidence of CVD (2). Also, environmental short- and long-term particle exposure have 

been found to contribute to increased CVD-related mortality and morbidity, (3-5). There is strong 

evidence for a causal relationship between exposure to particulate matter < 2.5 µm and harmful 

cardiovascular effects (4, 6). In occupational settings, exposure levels are often higher than in 

surroundings and ambient air, but little is known about noise and particle exposure at work and CVD.  

The pathophysiological mechanistic pathways suggested between noise exposure and incidence of 

CVD indicates that noise is associated with oxidative stress, autonomic imbalance, vascular 

dysfunction, and/or metabolic abnormalities (2). For particle inhalation exposure, three main 

mechanistic pathways for CVD development have been suggested; inflammation in the systemic 

circulation originating from the airways, disturbances in the autonomic nervous system leading to fast 

blood pressure or heart rate changes and hypertension development, and uptake of certain particles 

into the cardiovascular system thus affecting cardiovascular tissues negatively (6, 7). Different 

 
 



 

 

pathways may be activated due to the composition, chemical characteristics and size of the particles 

(6). 

The main aim of this study was to investigate if occupational exposure to noise during a working 

day is associated with acute effects on pulse rate and blood pressure. Also, particle exposure was 

explored.  

2. MATERIAL AND METHODS 

2.1 Study design and study participants 

A study population of active construction workers from noisy, dusty working environments was 

selected. To limit confounding from sex differences and smoking, the study was restricted to men who 

should not have been smoking tobacco for the last 6 months before the study. To include a stable 

exposure pattern and a comprehensive self-reported exposure history and lifestyle evaluation, the 

participants should have worked in the construction industry for the last 6 months. Preferably they 

should talk and read Swedish.  

The workers were recruited in late 2018 - spring 2019. We co-ordinated it with the construction 

trade union (Svenska byggnadsarbetareförbundet), the association for concrete/stone drillers, 

demolition and decontamination workers (Branschföreningen för byggnadsberedning), and large 

construction companies. The contact persons were sent via regular mail information about the study 

and an informed consent form and a questionnaire. The latter should all participating construction 

workers fill in before the occasion of sampling. A visit was then booked at the construction site, and 

we continuously measured noise- and particle exposure, pulse rate, blood pressure, and recorded sound. 

Participation in the study was voluntarily, and agreement with written consent prior to participation 

was obtained from all individuals. The Regional Ethics Committee at Stockholm, Sweden (Ref. No. 

2019-00208) approved the study. 

2.2 Exposure measurements and sampling of blood pressure and pulse rate 

Each participant’s exposure to noise and particles, blood pressure, and pulse rate were measured, 

and sound recorded during one working day at his worksite, The visits took place during March - June 

2019.  

Noise was measured continuously, and the data was logged every 1 second using Svantek SV 104 

noise dosimeter with corresponding software SvanPC++ version 3.3.21. Weighting filter A, detector 

type Fast, for maximum sound pressure level (LAmax) in dBA, and weighting filter C for 

instantaneous (less 50 µs rise time) sound pressure level (LCpeak) in dBC was used. Sound was also 

recorded using the Svantek SV 104 device with corresponding software  to be able to analyse the type 

of sound causing the effects. The equipment was placed close to each participant’s ear at his shoulder. 

In Sweden lunch is not considered as working hours, therefore the recording was paused during lunch 

break. 

Dust of 0.1-10 PM 0.1-10, was measured continuously and the data logged every 1 minute using 

DataRAM pdr-1000AN Monitor, which covers an air range of 0.001 - 400 mg/m3 concentration. The 

device was placed at the back of each participant. The pDR-COM software version 2.10 

(ThermoFischer Scientific, USA) was used to transfer data to a computer. The recording was not 

paused during lunch break. 

Each participant’s usage of hearing protectors and respiratory mask was noted. 

Measurements of blood pressure using the device ABPM pulse rate monitor (model ABPM 50, 

GIMA S.p.A., Italy) with corresponding software, and pulse rate using the device Polar H10 heart rate 

sensor, were measured during the workday, logging data. Blood pressure was measured every 15 

minutes and pulse rate every 1 second while the participants were working. They could then use snuff. 

In the morning, height and weight were measured. The participants should not have used snuff 1 hour 

prior to the measurements in the morning.  

In order to have the same settings of time, all devices used were calibrated towards the same computer. 

2.3 Questionnaire 

Medical history and occupational exposure for other cardiovascular toxicants than noise and 

particles as well as other factors important of cardiovascular diseases were obtained from 
questionnaires.  



 

 

2.4 Statistical analyses 

Linear regressions were performed to evaluate associations between noise and dust of PM 0.1 -10 

exposure and the outcomes blood pressure and pulse rate within each worker. Data were then pooled 

between workers. Sensitivity analyses aiming at investigating if any specific type of sound was 

associated with pulse rate was performed by stratifying on four types of noise. These four types, set 

by some authors, were: sound from machine moving, impulse sound, sound from object moving, and 

other sound. Interaction analyses between the two different measures of noise and dust of PM 0.1-10 

were made to estimate the effect estimates of the blood pressure and pulse rate. Also, correlations 

between the different exposures at the same time were calculated. 

Statistical analyses were performed with SAS, version 9.4, and StataCorp LLC STATA/SE version 

16.1. 

3. RESULTS 

In total, 28 construction companies were contacted with a response rate of 71 % (20 out of 28). 65 

non-smoking, male construction workers were recruited. Of these 65 participants, we simultaneously 

measured pulse rate, blood pressure, noise- and dust exposure, as well as recorded sound, in 46 

participants. They were 20-65 years of age and included 23 construction carpenters, 19 concrete 

workers/stone drillers, 2 plasterers, 1 plumber, and 1 bricklayer. Around 20 000 noise measurements 

were logged for each participant.  

Results show a clear exposure-response relationship between noise (LAmax and LCpeak, 

respectively) and pulse rate, most pronounced in the highest noise group (7.69 beats per minute (bpm) 

higher pulse rate for exposure > 100 dBA compared to < 75 dB, and 8.67 bpm compared to < 80 dBC 

respectively). Effects were seen below the Swedish occupational exposure limits for LAmax (115 

dBA) and LCpeak (135 dBC), respectively (8). 

No clear association and no exposure-response was found for blood pressure.  

Interaction analyses of the exposures noise (LAmax and LCpeak, respectively) and dust of PM 0.1 -

10 on the outcome pulse rate showed an additive effect. This indicates that there is a higher influence 

on pulse rate if exposed to both noise and dust at the same time. 

Correlation between the two types of noise and dust was low (LAmax and dust of PM 0.1-10: 0.190, 

and LCpeak and dust of PM 0.1-10: 0.181). This indicates that simultaneous exposure to noise and 

dust is not common. 

In sensitivity analyses stratified by type of sound, we saw no clear results. 

4. CONCLUSIONS 

Occupational exposure to noise was associated with acute changes in pulse rate, most clearly 

indicated in those high exposed to noise compared to the lowest exposed.  However, effects were seen 

below the Swedish occupational exposure limits for LAmax and LCpeak, indicating that these limits 

may not protect from adverse cardiovascular effects. Interaction analyses of noise and dust with pulse 

rate also reveal an additive effect, however there was low correlation between the two exposures. 

However, this indicates that it is not enough to reduce noise levels to affect pulse rate, reducing dust 

exposure is also needed.  
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ABSTRACT 

Sound radiation control of an unbaffled long enclosure using corrugated Z-shaped micro-perforated panel 

absorbers (ZMPPAs) is investigated. First, a hybrid model based on the finite element method (FEM) and the 

Wiener-Hopf (WH) technique is established to calculate the sound pressure level (SPL) radiated from an 

unbaffled long enclosure. Subsequently, an array of ZMPPAs is proposed to absorb higher-order acoustical 

modes inside the long enclosure so that the radiated noise can be suppressed. After that, the sound attenuation 

performance of ZMPPAs is evaluated and compared with that of corrugated and flat microperforated panel 

absorbers (CMPPAs, FMPPAs). The results demonstrate that ZMPPAs can reduce the radiated SPL within a 

wide frequency range which is favorable for the suppression of environmental noise. Finally, the performance 

of the ZMPPAs, CMPPAs, and FMPPAs in reducing the radiated noise from an unbaffled long enclosure is 

examined using a quasi-2D test rig. The experimental results coincide well with the calculated results which 

validates the proposed model and verifies part of the numerical findings. 

 

Keywords: Sound suppression, Unbaffled long enclosure, Micro-perforated panel absorber 

1. INTRODUCTION 

Sound radiation control of an unbaffled long enclosure has been an important research subject in 

recent years as this scenario could be widely seen in the reduction of environmental noise. Helmholtz 

resonators (HRs) have been proposed to suppress the sound peaks inside the unbaffled long enclosu re 

so that the radiated SPL field around the resonant frequencies of the HRs could be attenuated (1). The 

noise reduction performance of an array of HRs, however, is still unsatisfactory which is limited by 

their narrow working frequency bandwidths. Therefore, for the control of noise radiated from a long 

enclosure, a simple, compact, and broadband noise suppression device is needed. The feasibility of 

applying two-dimensional hard rough surfaces to attenuate the noise level inside a long enclosure has 

been examined by Law et al. (2). It was observed that an average sound reduction of about 3 dB over 

the frequency range from 500 Hz to 5000 Hz could be obtained. Aiming at absorbing the higher-order 

acoustical modes inside a duct, the interactions between acoustical modes and a perforated liner were 

investigated by Eldredge (3). Later, enlightened by the research of Eldredge, broadband acoustical 

liners with multiple cavity resonances were designed and the acoustical performance of the liners was 

investigated (4, 5). From above-mentioned findings, acoustical liners consisting of micro-perforated 

panel absorbers (MPPAs) are promising noise control devices to attenuate the noise  that is consisting 

of higher-order acoustical modes. Apart from applying multiple cavity resonances, MPPAs integrated 

with trapezoidal (6) and L-shaped (7) cavities were also proposed. More acoustical modes that are 

initially decoupled with the MPP backed by a rectangular cavity are coupled with the MPP backed by 

cavities with irregular shapes. Compared with a flat MPPA (FMPPA) backed by constant air gap, the 

irregular-shaped MPPAs provide more spectral peaks and achieve good absorption performance at the 

dips in the sound absorption coefficient curve. These designs are from the perspective of the backing 

cavity and the incident plane waves are normal to the MPP. However, in practice, the distribution of 

sound pressure fields is complex in a duct, enclosure, and cavity system. The amplitudes and incident 

angles of sound pressure along MPP surfaces are different. Consequently, the in -situ performance of 
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the MPPAs is usually inferior to the theoretical results as the normal sound absorption coefficient of 

the MPPAs is inapplicable. Hence, to investigate the performance of an MPPA in practical acoustical 

environments, researches on the performance of MPPAs under oblique and random plane-wave 

incidences have been carried out (8, 9, 10). Results show that shape designs of cavities are not enough 

for a broadband sound absorption performance of an MPPA, especially when the sound waves are 

impinging tangentially or at a large incident angle on the flat MPP. To further improve the sound 

absorption performance of an MPPA under an oblique plane-wave incidence or in the diffuse field, a 

corrugated MPPA (CMPPA) with a sinusoidal MPP profile is proposed (11). Both the plane-wave 

incident angle to the local surface and the cavity shape of the MPPA are changed by introducing the 

corrugated MPP, which enhanced the sound absorption at the troughs and more spectral peaks can be 

observed. A key parameter that influences the sound absorption performance of a CMPPA is the 

corrugation depth. The corrugated profile of MPP, however, is determined when the corrugation depth 

of the MPP and the width of the MPPA are chosen, which lacks flexibility for higher sound absorption 

performance. To find a more flexible configuration of the corrugated MPP profile, a Z-shaped micro-

perforated panel absorber (ZMPPA) is proposed here. It is targeted for the absorption of higher-order 

acoustical modes inside an unbaffled long enclosure so that the radiated sound field can be attenuated  

accordingly. In addition to the advantages of CMPPAs, a ZMPPA is more versatile, which is promising 

for broadband noise control in large spaces and buildings.  

The remainder of this paper is organized as follows. A hybrid model is first proposed to calculate 

the sound radiation from unbaffled long enclosures integrated with MPP absorbers. Subsequently, the 

sound suppression performance of the ZMPPA is investigated and compared with that of FMPPA and 

CMPPA. Finally, experimental results are presented to validate the numerical model and examine the 

performance of the ZMPPA. Results show that the ZMPPA can attenuate the radiated noise within a 

wide frequency range which proves that the ZMPPA is a promising noise control device in practical 

applications. 

2. HYBRID MODEL 

To investigate the sound absorption performance of MPPAs inside a long enclosure, a hybrid 

method based on the finite element (FE) method and Winer-Hopf (WH) technique is established. The 

schematic diagram of an FE-WH-based hybrid method to predict the sound radiated from an unbaffled 

long enclosure integrated with MPPAs is shown in Figure 1. The sound pressure field inside a long 

enclosure is obtained by the FEM, while the radiated sound pressure field is determined by the W-H 

technique using the calculated pressure and particle velocity at the opening. 

   

Figure 1 – Schematic diagram of a hybrid method to predict sound radiation from an unbaffled 

long enclosure with the ground. 

 

The W-H solution for the rigid unbaffled long enclosure with the ground is obtained as follows:  
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The far-field directivity pattern of the radiated sound pressure field outside the unbaffled long 

enclosure is given by (1) 
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From Eqs. (1) and (4), the radiated sound pressure field is determined by the modal response 

coefficients of sound pressure and pressure gradient along the horizontal direction. To determine the 

coefficients, the continuity relations of sound pressure and pressure gradient at the opening of the 

unbaffled long enclosure are considered: 
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where nP  and nV  are the sound pressure and horizontal pressure gradient on meshing nodes ( )0, ny  along 

the enclosure opening. Modal function outside the long enclosure is denoted by 
C

mY  which can be obtained 

by the Helmholtz equation and the boundary condition on the ground.  

Rewriting Eq. (5) and Eq. (6) in matrix form, we have 

 P=MG   (7) 

 V=MF  (8) 

where matrices P and V can be obtained using FEM while M can be constructed using Eq. (5). After 

solving Eqs. (7) and (8), the modal response coefficients G and F can be obtained. Then, the 

directivity pattern of the radiated sound pressure field can be calculated using Eqs. (1) and (4). 

3. RESULTS AND ANALYSIS 

3.1 Sound reduction performance of ZMPPA 

An unbaffled long enclosure of 2 m in length and 0.2 m in height is considered here. A monopole 

point source is located at (-0.4, 0.1) m and the volume velocity strength is 0.01 m2/s. The far-field 

observation radius is 0.8 m and the observation angle is in the range of [0, 150] degrees. Besides, the 

speed of sound and density of the air are 340 m/s and 1.225 kg/m3, respectively. First, the sound 

pressure field inside the long enclosure is calculated using the FEM. To ensure the calculation 

accuracy of the model, the mesh grids along the opening are refined as presented in Figure 2. Besides, 



 

 

a geometrical singularity exists at the enclosure edge, where the pressure gradient at this point may 

be wrong. Hence, more grids are needed near this point and the horizontal pressure gradient at this 

point is replaced by that of the nearest point in the following calculations. Such replacement may give 

rise to certain errors of the radiated sound pressure field. however, the direct use of the horizontal 

pressure gradient at the edge will lead to wrong results.  

 

Figure 2 – Refinement of the meshing grids along the enclosure opening and at the sharp edge. 

 

Comparison of SPLs at receivers outside long enclosures integrated with liners made of FMPPAs, 

CMPPAs, and ZMPPAs is presented in Figure 3. At the backside of the long enclosure as presented in 

Figure 3 (a) and Figure 3 (b), CMPPA and ZMPPA perform better than the FMPPA almost within the 

frequency range considered which indicates that the corrugated MPPAs can absorb more noise than 

the flat ones. Besides, ZMPPA performs better than the CMPPA when the frequency is above about 

2000 Hz. This is attributed to the Z-shaped MPP profile which can absorb higher-order acoustical 

modes efficiently in the middle to high frequency range. In front of the long enclosure, as presented 

in Figure 3 (c), CMPPAs and ZMPPAs perform better than FMPPAs. However, ZMPPAs do not 

perform better than CMPPAs in the whole frequency range as the sound distribution in front of the 

enclosure is more complicated than that at the backside of the long enclosure. 

 

Figure 3 – Comparison of SPLs obtained by the liners made of FMPPAs, CMPPAs, and ZMPPAs 

at (a) [-0.6, 0.6] m, (b) [0, 0.6] m, and (c) [0.6, 0.6] m. 

 

The directivity patterns of the radiated SPL fields are shown in Figure 4. At 500 Hz, the SPLs of 

FMPPA, CMPPA, and ZMPPA are almost the same as the wavelength of the sound is much longer 
than the MPP shape size. Low frequency noise is difficult to be absorbed. ZMPPA performs slightly 

better than the CMPPA and FMPPA. At 2500 Hz, ZMPPA reduce the SPLs to a low level. The Z-



 

 

shaped MPP profile exhibit good performance in the absorption of higher-order acoustical modes. As 

a result, the radiated SPL outside the long enclosure is reduced significantly.  

 

Figure 4 – Directivity patterns of the radiated SPL fields at (a) 500 Hz and (b) 2500 Hz. 

 

3.2 Mechanism study 

To explore the mechanism behind the sound absorption performance of the proposed ZMPPAs. The 

sound pressure along the opening and modal response coefficients at 500 Hz and 2500 Hz are 

presented in Figure 5 and Figure 6, respectively. 

 

Figure 5 – Sound pressure along the opening and the modal response coefficients at 500 Hz. 

 

Figure 6 – Sound pressure along the opening and the modal response coefficients  at 2500 Hz. 



 

 

 

At 500 Hz, the absolute sound pressure along the opening is almost the same for MPPAs which are 

stand at around 0.1 Pa. Besides, the modal response coefficients demonstrates that the first mode is 

the dominant mode in these cases. However, the contribution of the mode in the ZMPPA case is smaller 

than those of FMPPA and CMPPA cases. As a result, the radiated sound field in ZMPPA case is also 

smaller than that of CMPPA and FMPPA cases. At 2500 Hz, multiple higher-order acoustical modes 

contribute to the sound field in FMPPA case. After integrating the CMPPA and ZMPPA, the modal 

response coefficients reduced a lot. In the ZMPPA case, only the first three modes contribute to the 

radiated sound pressure field and the amplitudes decrease significantly compared to that in FMPPA 

case. Therefore, the radiated sound field in the ZMPPA case is smaller than that in the CMPPA and 

FMPPA cases, which indicate that the proposed ZMPPA can absorb higher-order acoustical modes. 

3.3 Experimental study 

The performance of the ZMPPA, CMPPA, and FMPPA in reducing the radiated noise from an 

unbaffled long enclosure is examined using quasi-2D experiments. A schematic diagram of the test 

rig is presented in Ref. (1). The experiment is carried out in an anechoic chamber of 6 m in length, 6 

m in width, and 3 m in height. As the proposed model was established in a 2D configuration, we 

designed a quasi-2D test rig accordingly (1, 12). It is constructed by two parallel arranged acrylic 

plates of 2.4 m long, 1.2 m wide, and 0.02 m thick. To eliminate the effect of the higher-order 

acoustical modes along vertical direction, the distance between the acrylic plates is kept  at 0.04 m. 

Based on the cut-off rule of a channel, the plates can form a quasi-2D space under about 4250 Hz. A 

rectangular duct of 1.2 m long, 0.2 m wide, and 0.04 m high is inserted into the quasi-2D space to 

form an unbaffled long enclosure. To simulate the infinite region outside the long enclosure, a layer 

of wedge-shaped Melamine foam is placed at the side openings of the 2D space. The total heights of 

the wedges are 0. 2 m. According to the rule of a quarter wavelength, they can  achieve non-reflection 

boundaries above around 450 Hz. The whole test rig is supported by a frame assembled by aluminum 

extrusions. 2 A0 papers printed with the Cartesian and polar coordinate systems are pasted on the  

backside of the transparent acrylic plate to locate the measurement points. A Tannoy loudspeaker 

connected to a long pipe of 1 m in length and 25 mm in diameter is applied  to simulate a monopole 

point source. Measurements of the directional characteristics of this source were conducted and it was 

observed that the deviations in all directions were within 1 dB for frequencies above about 200 Hz 

(13). The harmonic sound source is produced by a signal generator, output by an A/D converter (NI 

4431), amplified by the power amplifier (LA 1201), and played by the  Tannoy loudspeaker. Two 

microphones (B&K 4189) are connected to the conditioning amplifier (B&K NEXUS) and the data 

acquisition module (NI 9234). They move along the observation radius and collect acoustical signals 

every 5 degrees of observation angle. The testing system is controlled by LabVIEW which possesses 

the merits of good stability and high real-time performance in the targeted frequency range. 

 

Figure 7 – Experimental setups. (a) a liner made of FMPPAs, (b) a liner made of CMPPAs, and 

(c) a liner made of ZMPPAs. 

 

Here, 3 types of liners are mounting on the inner wall of the long enclosure as presented from 

Figure 7 (a) to Figure 7 (c). Each liner is assembled by four FMPPAs, CMPPAs, and ZMPPAs, 

respectively. The cavity width and depth of each unit are 100 mm and 60 mm, respectively. The 

corrugation depth and offset distance are 25 mm and 35 mm, respectively. A comparison between the 

ILs obtained by liners made of FMPPAs, CMPPAs, and ZMPPAs is demonstrated in  Figure 8. From 

500 Hz to 1600 Hz, the ILs are stands at about 5 dB to 8 dB which results from the shallow cavities 

of the MPPAs. Besides, in the frequency range of 1200 Hz to 1700 Hz, the FMPPAs outperform the 

CMPPAs and ZMPPAs. The liner made of ZMPPAs starts to show its advantages in the frequency 

range between 1700 Hz and 2000 Hz, in which high ILs are achieved. In this frequency interval, the 



 

 

sound field inside the long enclosure become complex. Higher-order acoustical modes can be absorbed 

by the ZMPPAs. 

 
Figure 8 – Comparison of insertion losses obtained by liners made of FMPPAs, CMPPAs, and 

ZMPPAs. 

4. CONCLUSIONS 

In this paper, a hybrid method is established to calculate the sound radiated from an unbaffled long 

enclosure integrated with MPPAs. A liner consisting of multiple ZMPPAs is proposed to absorb higher 

order acoustical modes inside the long enclosure so that the radiated noise can be suppressed.  The 

sound absorption performance of the ZMPPA is investigated which shows good performance in the 

middle to high frequency range. Further modal analysis demonstrates that the proposed ZMPPA can 

absorb higher order acoustical modes compared with that of FMPPA and CMPPA which shows great 

potential for the reduction of environmental noise. Finally, a quasi-2D experimental study is 

conducted which validates the proposed modal and verifies the numerical findings.  
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ABSTRACT 
The European standards EN 1793-5 and EN 1793-6 allow measurements of sound absorption/reflection and 
airborne sound insulation of noise barriers in-situ, an essential activity for approving noise barriers installed 
alongside roads. However, the EN methods require a careful application by expert users, which may limit 
their use to few locations. The main objective of the project SOPRANOISE (2019-2022), funded by CEDR, 
was the development of a new method that should be quickly applicable to a larger part of the installed noise 
barriers in a more manageable way. This paper presents the main results of SOPRANOISE WP4, dealing 
with the conception, design, and validation of such simplified quick method. It was necessary to design a 
completely new equipment, simpler and lighter than the one for full tests, allowing the use by normal 
operators after a short training. The new quick method was validated in the laboratory and under real on-site 
conditions, applying both the new quick method and the full EN methods on real noise barriers installed 
along motorways. The systematic application of the quick method allows to identify the weak points of the 
noise barrier and the appropriate noise barrier fields to be tested with the full EN methods. 
 
Keywords: SOPRANOISE, noise barriers, acoustic performance 

1. INTRODUCTION 
Noise barriers are extensively used as effective devices to reduce the impact of road traffic noise. 

This reduction is quantified by the insertion loss, which depends on the barrier height and length, the 
environment in which the noise barrier is placed (the reciprocal positions of the sound source, receiver 
and noise barrier, the topography and morphology of the terrain, the local weather conditions, etc.) 
and also on the intrinsic acoustic characteristics of the noise barriers components: airborne sound 
insulation and sound absorption. For example, a decrease in sound insulation with time can cause a 
decrease of the insertion loss at receivers close to the noise barrier, due to the energy transmitted 
through the barrier and reaching the receiver. 

National Road Administrations (NRAs), who write specifications that contractors and 
manufacturers of noise barriers products must respect, want that the overall acoustic performances be 
guaranteed all along the lifetime cycle. Thus, they need methods able to test noise barriers as they are 
installed (involving the quality of the products and the workmanship), which means under real 
conditions alongside roads and following their intended use (i.e.: under direct sound field conditions). 

To comply with this requirement, CEN/TC226/WG6 wrote the standards EN 1793-5 (measurement 
of sound absorption under direct sound field conditions) and EN 1793-6 (measurement of airborne 
sound insulation under direct sound field conditions) [1,2]. Only those two standardized methods are 
relevant to the intended use of “free standing noise barriers”; they allow measurements almost 
everywhere, what is here very relevant while approving or monitoring installed noise barriers. This is 
already and increasingly done by NRAs to characterize installed noise barriers. However, EN 1793-5 
and EN 1793-6 methods require accurate (and thus lengthy) tests and a good knowledge of the method, 
i.e., expert users: this can limit their use alongside roads. While always keeping the possibility to use 
EN 1793-5 and EN 1793-6 on site, there is a need for new methods that could be easier, faster, and 
safer. Some NRAs already undertake in-situ inspections to monitor the integrity of the different parts 
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of their road equipment. Those visual inspections are the easiest and cheapest tools to investigate 
installed noise barriers: implementing such in-situ inspections in a more systematic way, integrating 
the acoustic characteristics is a real plus that can save time and money. However, inspections cannot 
give quantitative – i.e. objective – results. For quantitative assessments, via measurements, a new 
“quick method” had to be designed in order to be applicable in a much more systematic and affordable 
way than the one allowed by the “full” EN 1793-5 and -6: this has been done successfully in the frame 
of the SOPRANOISE project and led to the brand new and validated quick “SOPRA” method. This 
new method is particularly fitted to monitor and maintain noise barriers at all stages of their lifetime 
and help NRAs keep the intended performance over time. 

2. THE SOPRANOISE 3-STEP APPROACH 
Within this research project a new concept of performance assessment has been developed: the so-

called SOPRANOISE 3-step approach (see Figure 1). This approach allows to place the right effort 
and money to the right level of assessment: from the easiest (but less accurate) way, up to the most 
accurate one (i.e.: the standardized methods EN 1793-5 and EN 1793-6), following an “engineering 
progressive approach” [3,4]. 

 

 

Figure 1 - SOPRANOISE progressive 3-steps approach to characterize the intrinsic acoustic characteristics 
of installed noise barriers. 

 
The quick method developed in WP4 corresponds to the second step of this 3-steps approach. The 

quick method, also called SOPRA method, is intended to reduce the amount of EN 1793-5 and -6 
measurements required to qualify a noise barrier. To this aim, the quick method is repeatedly applied 
in several locations along the noise barrier under test, giving a reasonable estimate of the noise barrier 
performance, and of the related range of variability, even if with an uncertainty that could be greater 
than the one of the full EN standards. Relying on the results of this systematic scan of the noise barrier, 
two or three sites where to apply the full EN standards could be then selected. 

The new quick method differs from the visual inspection method used in step 1 [5,6], because the 
inspection gives a qualitative assessment, based on an evaluation, while the quick method gives 
quantitative indications, based on measured values of the acoustic performance of the noise barrier. 
Using these values, it will then be possible to select the best sites for a definitive assessment of the 
noise barrier under full test according to EN 1793-5 and EN 1793-6. The quick method differs from 
the full EN standards EN 1793-5 and EN 1793-6 used in step 3 because it is designed for quick and 
easy application by generic users, at the price of a possible reduced accuracy compared to that one of 
the full EN standards.  

In order to understand the usefulness of the quick method, it is necessary to define the goal of the 
planned noise barrier investigation. When the goal is the approval of a newly built noise barrier (i.e., 
for legal reasons which require quantified values of the single-number ratings of the intrinsic 
characteristics DLRI and DLSI), the only way is to carry out measurements according to the EN 1793-
5 and -6 standards. Since these measurements requires accredited laboratories and can be time-
consuming – especially for long noise barriers – it is advisable to first carry out in-situ inspections 
and/or measurements via the quick method. A quick sampling via the quick method allows a fair pre-



 

 

selection of relevant locations for the actual approval. 
If the goal is monitoring an existing noise barrier for maintenance purposes, the quick method can 

be routinely applied in several locations along the noise barrier, giving a reasonable estimate of the 
noise barrier performance, and of the related range of variability over a large sample of noise barrier 
fields. 

It is worth noting that for the evaluation of sound absorption properties, it is unavoidable to apply 
directly the quick method. For the evaluation of sound insulation properties, the quick method can be 
preceded by a visual inspection (step 1), which spots out the defects with negligible consequences for 
the insertion loss (green rating), defects which surely have to be repaired (red rating) and defects 
which require an actual assessment via acoustic measurements (yellow rating) [5,6]. This case 
establishes the transition to step 2, i.e., the quick measurement method. 

3. MEASURING EQUIPMENT FOR THE QUICK METHOD 
The quick method relies on a lightweight equipment that can be brought by one operator in any 

location close to a noise barrier [7]. It includes a control and processing unit, a loudspeaker and a 
linear microphone antenna. The control and processing system, battery operated, substitutes the 
computer used in EN 1793-5 and -6 measurements, being much more lightweight and working 
automatically pushing few buttons. University of Bologna (UNIBO) built it around a Teensy 4.1 
system (Figure 2); AIT used a Raspberry Pi 4, implementing the same operations. 

 

 
Figure 2 – The first control and processing unit designed and built at UNIBO. 

 
 Both UNIBO and AIT built their lightweight loudspeaker; UNIBO used a SICA Z002601 driver, 

5” diameter; AIT used an Img Stageline PAB-305/SW, 5” diameter. The performance of these 
lightweight loudspeakers is comparable to those of the standard loudspeakers used for EN 1793-5 and 
-6 measurements (Figure 3). 

As input sensors, robust and inexpensive electret microphones CMA-4544PF-W have been selected 
by UNIBO. Figure 4 shows the magnitude of the frequency response of an electret microphone 
compared with that of a PCB microphone adopted for the EN 1793-5 and -6 square array (The curve 
of the electret microphone has been shifted upward by 11 dB for a better readability). As can be seen, 
they are nearly identical in the relevant frequency range (100-5000 Hz in one-third octave bands). 
AIT selected digital MEMS-microphones: SPG08P4HM4H-1 by Knowles Electronics LLC, with 
similar performances. 

Figure 9 shows microphone antenna, loudspeaker and control device in place for the quick sound 
reflection index measurements. Microphone M1 is at 1,20 m above ground; the other are spaced 
equally spaced with a step of 0,40 m: 1,20 – 1,60 – 2,00 – 2,40 – 2,80 – 3,20 m above ground. 

 



 

 

 
Figure 3 - Impulse response of the of the Zircon© loudspeaker (red line) and the UNIBO lightweight 

loudspeaker (green line) framed by a 3 ms window (blue line). 
 

 
Figure 4 - The magnitude of the frequency response of an electret microphone compared with that of a PCB 
microphone adopted for the EN 1793-5 and -6 square array. The Y-axis is in dB with an arbitrary reference. 

The curve of the electret microphone has been shifted upward by 11 dB for a better readability. 

 
Figure 5 - (not to scale) Sketch of the sound source and the microphone antenna. Left: in front of the road 

traffic noise reducing device under test for sound reflection index measurements. Right: in the free field. 1: 
reference surface. 2 Reference height hS [m]. 3 Loudspeaker front panel. 4 Distance between the 

loudspeaker front panel and the reference surface, dS [m]. 5 Distance between the loudspeaker front panel 
and the microphone antenna, dSM [m]. 6 Distance between the microphone antenna and the reference 

surface, dM [m]. 7 Microphone antenna. 8 Noise barrier height, hB [m]. 
 



 

 

4. MEASURING PROCEDURE 
The measuring procedure is borrowed with simplifications and with less changes as possible from 

EN 1793-5 and EN 1793-6, which are supposed to be known to the reader. Therefore, the procedure 
is summarized here in a compact way, referring to EN 1793-5 [1] and EN 1793-6 [2] whenever possible. 

4.1. Sound absorption 
4.1.1. General principle for sound absorption 

The methodology assesses indirectly sound absorption by measuring sound reflection, its 
complementary characteristics. The sound source emits a transient sound wave that travels past the 
microphone antenna position to the device under test and is then reflected on it (Figure 5 left). Each 
microphone, being placed between the sound source and the device under test, receives both the direct 
sound pressure wave travelling from the sound source to the device under test and the sound pressure 
wave reflected (including scattering) by the device under test. The direct sound pressure wave can be 
better acquired with a separate free-field measurement keeping the same geometrical setup of sound 
source and microphone antenna but without the noise barrier (Figure 5 right). The ratio of the power 
spectra of the direct and the reflected components gives the basis for calculating the “quick” sound 
reflection index. 

 
4.1.2. Measured quantity 

The “quick” reflection index RIQ as a function of frequency, in the j-th one-third octave band, is: 
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Where: hi,k(t) is the incident reference component of the free-field impulse response at the k-th 
measurement point; hr,k(t) is the reflected component of the impulse response taken in front of the 
sample under test at the k-th measurement point; wi,k(t) is the time window (Adrienne temporal 
window) for the incident reference component of the free-field impulse response at the k-th 
measurement point; see EN 1793-5:2016, point 5.5.5 [1]; wr,k(t) is the time window (Adrienne 
temporal window) for the reflected component at the k-th measurement point; F is the symbol of the 
Fourier transform; j is the index of the one-third octave frequency bands ([7]between 200 Hz and 
5 kHz, where possible); ∆ jf   is the width of the j-th one-third octave frequency band; k is the 
microphone number according to  (k = 1, ..., 6); nj is the number of microphone positions on which 
to average; Cgeo,k is the correction factor for geometrical divergence at the k-th measurement point. 
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Where: di,k is the distance from the front panel of the loudspeaker to the k-th microphone; dr,k is 
the distance from the front panel of the loudspeaker to the source and microphone reference plane and 
back to the k-th microphone following specular reflection. 
For microphone M3, di,5 = dSM = 1,25 m. The spacing between adjacent microphones is s = 0,40 m. 

4.1.3. Test arrangement 
The quick method is intended to be applied on noise barriers installed alongside roads. 
A reference surface for quick sound reflection index measurements is defined: it is an ideal, smooth 

surface facing the sound source side of the noise barrier under test and just touching the most 
protruding and significant parts of it within the tested area (see Figure 5). 

The sound source reference position is a position facing the noise barrier side exposed to road 
traffic noise, located at the reference height hS = 2,00 m and placed so that the horizontal distance of 
the source front panel to the reference surface of the noise barrier is dS = 1,50 m (see [1]). 

The microphone antenna reference position for quick sound reflection index measurements is a 
position compliant with all the following conditions: i) the microphone antenna is on the noise barrier 
side exposed to traffic noise; ii) the microphone M3 is located at the reference height hS; iii) the 



 

 

shortest distance of the microphone M3 to the reference surface is dM = 0,25 m (see [1]). 
4.1.4. Signal processing 

Measurements are done in one-third octave bands between 200 Hz and 5 kHz. The test signal is a 
maximum-length sequence (MLS). Any other full period of deterministic, flat-spectrum signal, like 
exponential sine sweep (ESS), can be used. The sample rate shall have a value equal or greater than 
44,1 kHz. The overall impulse responses consist of a direct component, a component reflected from 
the surface under test and other parasitic reflections. The direct component and the reflected 
component from the device under test are extracted from the impulse response at each microphone 
position using suitable analysis windows in the time domain. The windowing operations are performed 
using the Adrienne temporal window described in EN 1793-5 and keeping the same window width 
and positioning rules. One measurement at each of the six microphones of the vertical antenna is done, 
independently of the shape and material composition of the noise barrier under test. Then the single 
measurements are averaged as per formula (1). The microphones to be considered in the processing 
stage as a function of the height of the noise barrier under test are given in Table 1. The microphones 
used in the post-processing should be clearly identified in the report, stating their identification label 
(M1, M2, …, M6). It should be noted that the bottom microphone (M1) is at a height of 1,20 m above 
ground. In this position it is influenced by the reflection on the ground and thus the analysis window 
should be reduced to avoid the unwanted reflection, inducing a higher low-frequency limit. That’s 
why in Table 1 it is always in parentheses. If reputed useful for the particular composition of the noise 
barrier under test (e.g., different sound absorbing material at the bottom of the noise barrier), the 
bottom microphone (M1) can still be used, knowing that the result could be interesting for a relative 
comparison of the different barrier fields, but cannot be compared with the full EN measurement. 
 

Table 1 - Microphones to be considered in the post-processing stage as a function of the height of the noise 

barrier under test. 

Barrier height, HB Microphones Lowest reliable one-third octave frequency band 

HB ≤ 3 m (M1) M2 to M4 315 Hz 

3 m < HB ≤ 4 m (M1) M2 to M5 250 Hz 

4 m < HB ≤ 5 m (M1) M2 to M5 250 Hz 

5 m < HB ≤ 6 m (M1) M2 to M6 200 Hz 

HB > 6 m and over (M1) M2 to M6 200 Hz 

 

4.2. Sound insulation 
4.2.1. General principle for sound insulation 

The sound source emits a transient sound wave that travels toward the device under test and is 
partly reflected, partly transmitted and partly diffracted by it. The microphone placed on the other 
side of the device under test receives both the transmitted sound pressure wave travelling from the 
sound source through the device under test, and the sound pressure wave diffracted by the top edge of 
the device under test (Figure 6). If the measurement is repeated without the device under test between 
the loudspeaker and the microphone, the direct free-field wave can be acquired (Figure 6). The power 
spectra of the direct wave and the transmitted wave give the basis for calculating the “quick” sound 
insulation index. 
4.2.2. Measured quantity 

The “quick” sound insulation index SIQ as a function of frequency, in the j-th one-third octave 
band, is: 
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Where: hi,k(t) is the incident reference component of the free-field impulse response at the kth 



 

 

scanning point; ht,k(t) is the transmitted component of the impulse response at the kth scanning point; 
wi,k(t) is the time window (Adrienne temporal window) for the incident reference component of the 

free-field impulse response at the kth scanning point; wt,k(t) is the time window (Adrienne temporal 

window) for the transmitted component at the kth scanning point; F is the symbol of the Fourier 
transform; j is the index of the one-third octave frequency bands (between 200 Hz and 5 kHz, where 
possible); ∆ jf  is the width of the j-th one-third octave frequency band; k is the microphone number 
according to [7] (k = 1, ..., 6); n = 6 is the number of scanning points. 

 

 
Figure 6 - (not to scale) Sketch of the sound source and the microphone antenna. Left: in front of the road 

traffic noise reducing device under test for sound insulation index measurements. Right: in the free field. 1: 
Sound source reference surface. 2 Reference height hS [m]. 3 Loudspeaker front panel. 4 Distance between 
the loudspeaker front panel and the reference surface, dS [m]. 5 Microphone reference surface. 6 Distance 
between the microphone antenna and the mic. reference surface, dM [m]. 7 Microphone antenna. 8 Noise 

barrier height, hB [m]. 
 

4.2.3. Test arrangement 
The quick method is intended to be applied on noise barriers installed alongside roads. 
A sound source reference surface for quick sound insulation index measurements is defined: it is 

an ideal, smooth surface facing the sound source side of the road traffic noise barrier under test and 
just touching the most protruding and significant parts of it within the tested area (see [2]). A 
microphone reference surface for quick sound insulation index measurements is defined: it is an ideal, 
smooth surface facing the back side of the road traffic noise barrier under test and just touching the 
most protruding and significant parts of it within the tested area (see Figure 6). 

The sound source reference position for quick sound insulation index measurements is a position 
facing the noise barrier side exposed to road traffic noise, located at the reference height hS = 2,00 m 
and placed so that the horizontal distance of the loudspeaker front panel to the reference surface of 
the noise barrier is dS = 1,00 m (see Figure 6). 

The microphone antenna reference position for quick sound insulation index measurements is a 
position compliant with all the following conditions: i) the microphone antenna is on the noise barrier 
back side, not exposed to traffic noise; ii) the microphone (M3 is located at the reference height hS; 
iii) the shortest distance of the microphone M3 to the microphone reference surface is dM = 0,25 m 
(see Figure 6). Regarding test arrangement and signal processing, considerations similar to those in 
4.1.3 and 4.1.4 apply. 

5. LABORATORY TESTS 
Among the many laboratory tests done, the one focused on airborne sound insulation is reported 

here. In an ideal laboratory setup, it was possible to measure real-size test sample with the EN 1793-
6 method and the new quick method. Artificial defects, impacting on airborne sound insulation, have 
been created in the test noise barriers; it is 4 m in height, made of vertically placed aluminum panels 



 

 

filled with absorptive material and having height 0,5 m each; the sound source side of the panels is 
perforated, while the backside is fully reflective. Horizonal gap between two panels were created, 
over the full length of the noise barrier field and with variable height: 0 mm gap (to be used as a 
reference); 5 mm gap; 10 mm gap; 20 mm gap; 50 mm gap and 100 mm gap. 
 

  
Figure 7 – Different gap positions used in the laboratory test for airborne sound insulation, at 200 cm (left) 

and 250 cm (right) from the ground. 
 

 
Figure 8 – Comparison between the results from the 3 centre-column microphones of the EN 1793-6 grid 

(M2, M5, M8) and the SOPRA-3a quick method microphones (M2, M3, M4), which have exactly the same 
nominal position. The comparison is shown for the following gap dimensions: no gap, 5 mm gap, 10 mm 

gap and 100 mm gap. The vertical bars represent the uncertainty U95 according to EN 1793-6. 
 
Figure 7 shows two different gap positions used, at 200 cm and 250 cm from the ground. These 

results confirm the very good accordance between both methods and show the validity of using the 
hardware of the quick measurement system to assess the intrinsic performance of a noise barrier. 

Figure 8 shows the comparison between spectral results considering the 3 center-column 
microphones of the EN 1793-6 grid (M2, M5, M8) and the “SOPRA-3a” quick method (M2, M3, M4), 
which have the same nominal position [7]. The comparison is shown for the following gap dimensions: 
0 mm, i.e., no gap, 5 mm gap, 10 mm gap and 100 mm gap, at a height of 2 m above ground. The 
vertical bars represent the uncertainty U95 according to EN 1793-6 and is plotted as an additional 
information. It should be noted that the uncertainty U95 according to EN 1793-6 is related to the 
average of 9 microphones, while here only the average of 3 microphones is shown. 



 

 

6. IN-SITU TESTS 
The in-situ validation of the quick method by comparison with full EN 1793-5 and -6 methods was 

carried out on noise barriers installed along the A22 motorway connecting Northern-Italy to Austria. 
Metal barriers and timber barriers have been tested. It has been proved that the quick methods allow 
to test many more noise barrier fields at the same time, at the price of a slightly reduced accuracy, 
compared to the full EN standards: in one day, from about 10 AM to 16 PM, twenty-two quick sound 
reflection index (RIQ) tests and eleven quick sound insulation index (SIQ) tests have been done. Three 
months before this test, a field of the same noise barrier was measured applying the full EN 1793-5 
and -6 procedure with the standard equipment; this measurement has been taken as a reference. 
 

 
Figure 9 – The quick method in action: microphone antenna and loudspeaker in place along the A22 

motorway for the quick sound reflection index measurement on a metal noise barrier. 
 
Figure 10 presents the results of all 22 quick measurements for RI, averaged over the four 

microphones M2 to M5 (excluding the bottom microphone, M1, and the top microphone, M6, 
according to Table 1), the results of a full EN 1793-5 test done 3 months before and the tolerance 
interval defined by adding or subtracting to/from the EN 1793-5 measured value the measurement 
uncertainty at 95% confidence level [8]. The overall agreement is very good and within the expanded 
uncertainty of EN 1793-5 down to 400 Hz. The mean value of the single-number rating is 9,7 dB, with 
a standard deviation of 1,55 dB, versus a single-number rating for the full EN measurement of 8,1 dB. 
This variability points out the actual differences existing among the different fields of a noise barrier 
in good conditions, due to the combined effects of manufacturing, installation workmanship, etc. Only 
the new quick method, allowing to do multiple measurements in a short time, can give this information. 
A visual inspection cannot appreciate this variability: it would conclude that all fields are very similar 
and in good order (see Figure 10) and thus should get the same single-number rating. 

Figure 11 presents the results of all 11 quick sound insulation index measurements, averaged over 
the four microphones M2 to M5 (excluding the lowest microphone, M1, and the highest microphone, 
M6 as per Table 1), the results of a full EN 1793-6 test done 3 months before and the tolerance interval 
defined by adding or subtracting to/from the EN 1793-6 measured value the measurement uncertainty 
at 95% confidence level. The overall agreement is very good and generally within the expanded 
uncertainty of EN 1793-6 with the exception on field 4. 



 

 

 
Figure 10 – Colour lines: RIQ spectra obtained with the quick method on the metal noise barrier for 20 
different fields (2 repeated). Average over mic. M2-M5. Black continuous line: result of a previous EN 
1793-5 measurement on a single field. Black dashed lines: EN 1793-5 measured value ± the expanded 

measurement uncertainty at 95% confidence level. 

 
Figure 11 – Colour lines: SIQ spectra obtained with the quick method on the metal noise barrier for 10 
different fields (1 tested twice). Average over microphones M2-M5. Black continuous line: result of a 

previous EN 1793-6 measurement on field n. 1. Black dashed lines: EN 1793-6 measured value plus or 
minus the expanded measurement uncertainty at 95% confidence level. 

 
The mean value of the single-number rating is 29,4 dB, with a standard deviation of 1,53 dB, versus 

a single-number rating for the full EN measurement of 32,0 dB. Again, the quick method spots out the 
actual differences existing among the different fields of a noise barrier in good conditions, due to the 
combined effects of manufacturing, installation workmanship, etc., an information the visual 
inspection cannot give. 



 

 

7. CONCLUSIONS 
The SOPRANOISE project, funded by CEDR, developed an innovative 3-step approach to 

characterizing noise barriers; it ensures that the respective relevant method is used for the relevant 
analysis and allows NRAs to better manage their noise barriers.  

SOPRANOISE successfully achieved the design of the brand new quick (SOPRA) method: this 
method allows a quicker and safer procedure than the “full” standardized methods EN 1793-5 and EN 
1793-6. It works as a link in between those accurate but long and demanding standards and the 
simplest visual inspections. New equipment has been independently designed by the University of 
Bologna and the Austrian Institute of Technology and the new quick method has been validated. Both 
the procedure and the equipment are simpler and faster than for EN 1793-5 and EN 1793-6 standards, 
allowing the use by normal operators after a short training. Laboratory tests proved that there is a 
good degree of correlation between the quick method and the acknowledged EN standards. In situ 
tests proved that the quick method gives reliable and quantitative conclusions on the noise barrier 
performances. 

 The new quick methods developed in the frame of the SOPRANOISE project helps road 
authorities to extend quantitative tests to a larger portion of the noise barrier, as a single application 
of the quick methods is easy and quick. Thus, the quick methods can be routinely applied in several 
locations along the noise barrier, giving a reasonable estimate of the noise barrier performance, and 
of the related range of variability over a large sample of noise barrier fields, even if with an uncertainty 
greater than that one of the full EN standards.  

In the next future, the work performed in SOPRANOISE will be proposed at the European 
standardization committee (CEN) for standardization, while more in-situ tests of the quick method 
are already ongoing. Both UNIBO and AIT are working to develop an acceptance criterion for the 
individual quick measurements and on a sampling criterion to evaluate the statistical representativity 
of a large sample of quick measurements in assessing the “average” performance of a long noise 
barrier. 
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ABSTRACT 
Background: Diesel driven buses generate engine noise predominantly in the low frequency range 
(<200Hz). The noise may adversely impact health. The impact of noise exposure and human response 
was evaluated in an intervention study where hybrid (diesel-electric) buses were replaced by electric 
buses. 
Method: A survey, 3-6 months before and 6-9 months after the intervention, with a questionnaire sent 
to a random 4000 residents (Phase I) and 3333 (Phase II). Half lived along the bus route (exposed), 
and half at a further distance (reference). The response rate was 33% and 37%. Noise measurements 
indoors were performed in 15 apartments. Noise levels from the total traffic, only busses and low 
frequencies were numerically evaluated. 
Results: After the intervention, the sound pressure levels (31.5 - 400Hz) indoors decreased in the 
exposed areas. Calculated total traffic noise, was unchanged, while there was a reduction of noise 
levels if only buses or the low frequencies noise were included. High annoyance, serious insomnia 
(sleep disturbance, daytime tiredness and energy depletion) and feeling down were significantly 
reduced in the exposed population after the intervention, analyses adjusted for confounders. 
Conclusion: This study found that electrified public transport in an urban environment lowered the 
noise and improved health. 

Keywords: Sound, Noise, Insulation, Transmission, Low frequency Noise 

 

 INTRODUCTION 
 

Noise pollution is a major health risk and is estimated as the second worst risk factor for public 
health in Europe, after air pollution (1). Prolonged exposure to road transportation noise has 
established effects on sleep and myocardial infarction and there is emerging evidence for other 
cardiovascular outcomes, diabetes and mental health. Noise may also affect us in our daily activities 
causing annoyance and stress, affecting mental wellbeing, and how we interact with other people for 
example. Future electrification of transportation is believed to reduce the engine noise which could 
be health relevant for the public bus transportation and delivery vans travelling at low speed in urban 
areas, while noise from tires or the interaction from tires and road surface will still be the dominant 
source of noise at higher speeds. Diesel driven buses generate engine noise with predominant sound 
pressure levels in the low frequency range (<200Hz). Due to its long wave lengths, low frequency 
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noise propagates over long distances and intrudes also into people’s home with little attenuation by 
the façade. The low frequency noise may hence be a risk for adversely impacting people’s health. 
Further, people tend to be adversely affected even at very low sound pressure levels of low frequency 
noise (2), and due to the proximity of the equal loudness curves at the low frequencies, a small increase 
in sound pressure level will be perceived as a great change in loudness. Compared to other noises, 
there is limited knowledge of the long term health impacts (2) of the exposure to low frequency noise, 
how to best assess it indoors (3) or even how to correctly calculate the outdoor propagation.  

In 2019 the hybrid fossil fueled buses along one bus route in residential areas in the city of 
Gothenburg Sweden, were to be replaced by electrified busses. This gave us a unique opportunity to 
investigate the impact of this intervention. We hypothesized that the intervention would lead to an 
improved sound environment and especially a reduction of the sound pressure levels in the low 
frequency range. We furthered hypothesized that residents’ health would be improved after the 
intervention.  
 

 AIM  
 

The aim of the study is to access the impact of an intervention where fossil fueled hybrid public 
transportation buses were replaced by electrified busses and to specifically investigate the impact on 
noise, noise disturbance and health among urban residents living along the bus route. 
 

 METHODS 
 

3.1 Study population 
A socio-acoustic survey was carried out 3-6 months before (Phase I) and 6-9 months after (Phase 

II) the intervention. A questionnaire was sent to a randomly selected 4000 residents (Phase I) and 3333 
(Phase II) with half of the residents living along the bus route (intervention), and half at a further 
distance (reference) in two city districts. The response rate was 33% and 37% in Phase I and Phase II 
respectively, making up around 1300 in Phase I and around 1200 in Phase II. The study was conducted 
in accordance with the Helsinki Declaration and approved by the ethical committee in Gothenburg. 

 

3.2 Noise assessments 
Noise measurements indoors were performed using 10 microphones in a bedroom facing the street 

in 15 apartments before and after the intervention. A numerical evaluation of the annual average 
equivalent A-weighted noise levels against the façade of the surveyed addresses from the buses and 
the total traffic was performed for at a broadband spectrum. In particular, the annual average 
equivalent sound pressure levels induced by the hybrid and electric buses were numerically assessed 
within a low frequency range (31.5 - 100 Hz) at the façade for each address. 

 

3.3 Statistical approach  
In the analysis, any change in health outcomes from Phase I to Phase II was compared between the 

intervention population and the reference population to find out whether the introduction of electrified 
buses was associated to a change in disturbance, sleep or health, and whether this change was greater 
for the intervention population than for the reference population. The effect on noise exposure was 
studied by comparing whether measured levels of noise and low-frequency noise decreased indoors 
and outdoors from Phase I to Phase II. Dose response relationships were calculated for the health 
impacts in relation to the calculated noise levels.  

The selection of reference populations in the same residential areas was done to ensure that the 
populations and areas were as similar as possible regarding all other factors than the actual 
intervention. (i.e demographic, socioeconomic). So, if any change in outcome would occur, we could 
conclude with a rather high certainty that the change was attributed to the intervention. In addition to 



this we also adjusted in statistical analyses for any difference between areas that may have affected 
the results. 

 RESULTS 
 

4.1 Noise levels 
   Indoor measurements in the intervention area showed that sound pressure levels in the frequency 
range of 31.5 - 400 Hz were lower after the introduction of electrified buses. The exact reduction of 
sound levels depended on various factors such as the façade construction and the volume of the rooms. 
However, a reduction in sound pressure levels had occurred within the frequency range of 31.5 - 80 
Hz for all but a few measurements. Numerically evaluated noise levels described in annual average 
A-weighted equivalent noise levels in the areas of interest were marginally affected, while annual 
average noise levels calculated based on buses alone on the low frequency spectrum were clearly 
affected.  

4.2 Health impacts 
   The proportion of respondents who paid attention to noise and vibration from buses from Phase I 
to Phase II was significantly lowered among the intervention population. Noise from buses was 
noticed by 35 percentage points less and vibration was noticed by 15 percentage points less in Phase 
II. Furthermore, the proportion who were very or extremely disturbed by noise and low-frequency 
noise from buses was significantly reduced in the intervention population, by 17 and 24 percentage 
points, respectively. The intervention population was also less disturbed by exhausts from buses and 
vibrations from buses. Also, severe sleep disturbance by bus noise was significantly reduced in the 
intervention population, by 6 percentage points. We also found significant improvements in symptoms 
related to restoration and mental wellbeing. 

   There was no difference in people’s response to noise from other traffic. Importantly the 
improvements were significantly reduced in Phase II as compared to Phase I, and in the intervention-
population as compared to the reference-population. 

The highest association between dose-response relationships between noise annoyance and 
numerically evaluated sound level was found for noise exposure calculated as the frequency range of 
31.5 - 100 Hz, and a slightly lower for the equivalent sound level calculated only for buses and lowest 
for equivalent sound levels for all traffic. 

 CONCLUDING COMMENTS 
 

   The results from this study give strong indications that the intervention was associated with a 
significant reduction of noise, particularly at low frequencies, as well as significant improvements of 
people’s health. 

  Given that the results are generalizable and can be replicated, it suggests that we can expect 
improvements of the sound environment and presumably also improvements of people’s health in 
areas with predominant public transportation travelling at low speed, if fossil fueled buses are changed 
to electrified transportation. For the large number of people living along highly trafficked road with 



higher speed, it is though vital that we succeed to reduce the noise also from tires or road surface tire 
interactions, in order to achieve a sustainably healthy environment. 
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ABSTRACT 

Usually, research results inform policy and decision-making after scientific studies have been conducted. 
Research results can then be implemented to update noise policy. During the research process itself 
information exchange between scientific experts and policy experts is often poor. 

The EU funded Equal-Life project (Early Environmental quality and life-course mental health effects) is an 
interdisciplinary project focusing on children’s mental health and cognitive development during the life 
course. In linking cohort and school study data to physical and social exposures such as environmental noise 

in a child’s environment, the complex interplay is studied.  
The project includes stakeholder involvement throughout the whole research process to ensure the needs of 

stakeholders and to take gaps into account along the way. During the project, a frequent exchange with 
stakeholders with various backgrounds from policymakers, health care professionals to urban planners takes 
place aiming to derive guidance for evidence-based interventions. So far, among other activities, a Delphi 

study has been conducted online. Up to 52 stakeholders from 25 countries participated in three rounds of the 
Delphi study. The aim was to collect needs and research gaps, gather feedback on research questions in the 
project and evaluate their importance for stakeholders' work. 

 
Keywords: Environmental noise, policy, stakeholder involvement 

1. INTRODUCTION 

In a Green Paper of the European Commission (1) on future noise policy, several objectives are 
mentioned from improving the data situation on noise studies, better exchange of experience between 
the member states and harmonisation of noise assessment. Since then, some progress has been made:  

the joint WHO Environmental Noise Guidelines for the European Region (2) were developed, a rising 
number of studies on the noise situation regarding different noise sources were conducted and efforts 
for harmonisation were made, e.g. regarding impact assessment in the standardisation of instruments 

to assess noise annoyance (3,4).  
However, noise research is an interdisciplinary research field with multiple relevant perspectives 

and points of actions. There is noise impact research with the central aim to assess the response 
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provoked by noise sources and estimate potential adverse effects. There are source-specific technical 

and operative approaches to measure, model, and calculate noise emissions to display an authentic 
illustration of the noise exposure. Urban planning and land-use planning are juggling with spatial 

conditions, concurring interests and public authorities dealing with claims arising from high noise 
pollution to prompt noise mitigation measures when the exposure exceeds certain thresholds. Lastly, 
noise control itself has the purpose to react to high exposure by inventing, implementing and managing 

mitigation measures. At best, evaluation research is conducted in order to assess the impact of noise 
interventions on exposed people. 

In policy-making, these different perspectives need to be considered to address specific issues. 

Therefore, evaluating and including an expert’s knowledge on a holistic level could lead to policy that 
is more comprehensive. Valuable input can be further collected from other fields that are  indirectly 

influenced by noise like health care, public health and urban planning.  
Equal-Life is studying the combined impact of physical, social and internal exposures on children’s 

cognitive development and life course mental health while taking into account mediating processes 

such as sleep, stress and coping (5).  
One of the aims of Equal-Life is to implement the project’s results by creating tools supporting 

practitioners, policy-makers, etc. targeting to improve children’s development and mental health. 

Therefore, one work package is specifically designed to take stakeholders’ expertise into account 
throughout the project. Various formats are deployed to build constant exchange with stakeholders. 

Some approaches qualify to be included in noise research projects.  
This paper first summarises these methods and will then present the results of the Delphi study. 

The Delphi consultation is a multitiered approach to survey a group of experts on a specific topic 

aiming to obtain a group opinion. First learnings from the stakeholder involvement that can be 
implemented in the process of designing noise policy are discussed.  

2. METHODS 

Stakeholders invited were from organisations and institutions involved in children’s and 

adolescents’ (mental) health, research institutes, public health organisations, civil society 
organisations, national stakeholders in relevant fields of (mental) health care, urban planning, 
environmental institutions at local, national or European levels. 

 Several methods are used to involve stakeholders in the Equal-Life research project. Firstly, 
delphi surveys were conducted among the research consortium in the beginning of the project and 

among external stakeholders. Stakeholder’s evaluations of needs and gaps regarding environmental 
exposures in relation to children’s mental health and development were gathered in a multitiered 
process (see Figure 1). The assessment was conducted in several rounds. Each stakeholders’s 

evaluation was assessed anonymously and separately. Stakeholders received feedback on the results 
of each round. The aim was to compile responses from the participating stakeholders and reach 
consensus among the group.  

  

Figure 1 – Flow-chart depicting the procedure of the Delphi consultation with the stakeholders 

 
Secondly, in-depth interviews with stakeholders were performed using a partly standardized 

interview guideline covering topics such as experiences from stakeholder’s work regarding physical 
and social factors important for children’s health and development, good examples for interventions 
from stakeholder’s work fields, among others. Thirdly, to enable an interactive exchange with and 

between the stakeholders, stakeholder forums are being conducted to discuss policy gaps and needs 
in a hybrid format.  



 

 

In this paper we will further focus on the results of the Delphi consultation among stakeholders.  

Invitations to participate in the Delphi survey were circulated to contacts from the work group in 
European countries. Contacts were explicitly told that they could also act as multipliers and forward 

the invitation. 
The Delphi survey was performed in three rounds by means of an online survey between November 

2020 and July 2021. 

 
1. Round: Gathering needs and identifying gaps regarding factors affecting children’s mental 

health and cognitive development from the stakeholders’ view. 

2. Round: Rating the importance of different topics differentiated in separate fields of 
application collected in the 1st round. 

3. Round: Rating of research questions formulated in the project consortium regarding 
importance and usefulness for experts working field and other criteria.  

3. RESULTS OF THE DELPHI STUDY 

Table 1 shows an overview of the number of participants that participated in the Delphi survey  

among stakeholders, separately listed for participants from European and Non-European countries. 
 

Table 1 – Number of participants in the Delphi survey among stakeholders in the Equal-Life project 

 
European 
Countries 

Non-
European 

countries 

Total 

1. Round 34  34 
2. Round 40 11 51 
3. Round 43 9 52 

 

52 stakeholders from public health organisations, research institutes, civil society organisations, 
national organisations and official authorities, childcare organisations, and urban planners participated. 
Results of round 1 are a broad selection of needs and gaps stakeholders collected regarding children’s 

development and life course mental health in relation to their physical and social environment. 
Referring to noise e.g. the need for noise studies focusing on early life noise exposure (prenatal, 
postnatal and childhood), the assessment of noise exposure in school settings with adequate measures 

as well as the evaluation of policy interventions that target noise reduction measures were mentioned 
by stakeholders. Results of round 2 indicate research priorities to be considered in future research in 
the domains of knowledge gaps, relevant exposures, accessibility of data, interventions and policy 

making. Noise is e.g. considered relevant regarding the need to adjust environmental pollution 
monitoring to account for differential vulnerability of children as well as taking children into account 

in urban planning processes (due to their higher vulnerability for the effects of exposures) . 
Results of round 3 show the importance and usefulness of the research questions for stakeholders’ 

work such as designing policies, provision of knowledge, raising awareness, and tackl ing social 

inequalities. Two research questions that received high ratings regarding importance for professionals 
work and to design policy were e.g. 1) about properties of environmental exposures (intensity, 
regularity, predictability, duration) that affect mental health and cognitive development outcomes in 

children and 2) about critical windows in the life of a child particularly sensitive to exposures.  

4. LEARNINGS SO FAR / CONCLUSION 

A large number of stakeholders from different countries and work fields could be won over to 

participate in the Equal-Life project. 
In the beginning of the process of involving stakeholders, it is important to formulate goals and 

the purpose for the stakeholder involvement to communicate transparently on why to involve them to 

keep them motivated and engaged. In our project, by including stakeholders from a variety of work 
fields, valuable input was obtained about physical exposures such as noise, air quality or accessibility 
of green spaces, social exposures (parental socioeconomic status, migrant background, parenting 

practices, and school social environment) and the combined role of these factors for health outcomes. 
Vertical (national – regional – local authorities or institutions) and horizontal (between fields) 

exchanges give insight in problems and needs that stakeholders deal with. Some topics Some topics 



 

 

appear to be more important for specific stakeholders, levels or countries depending on the prevailing 

conditions. 
Stakeholder involvement is beneficial for scientists, however feedback loops for stakeholders 

about results enable them to reflect on their own views and might broaden their perspectives for their 
own work field. Surveys such as the Delphi approach performed online and anonymously can be used 
in a low-threshold manner to get a first insight into different perspectives while reaching a broad range 

of people. Subsequent activities can focus on in-depth interactive engagement to delve deeper into a 
topic, e.g. by means of a stakeholder forum, and might lead to initiate new collaborations between 
stakeholders. Establishing interconnections between different perspectives/working fields enables 

tackling environmental problems holistically. 
For noise research that is designed to result in practical application, it should be strived for an 

early integration of expertise from practice in the process. Considering the link between noise research 
and noise policy experts, the involvement of stakeholders into the research process could facilitate 
early pairing of research and fields of applications such as noise mitigation  and urban planning. 

Additionally, stakeholders’ input is part of the data that a projects’ final results are based on.  
Our approach of stakeholder involvement could be used in studies where noise is evaluated by 

different perspectives. In Equal-Life, Delphi consultations were initially used to formulate research 

questions in the project consortium to see where there are similarities and differences among the 
partners. The Delphi survey with stakeholders gives the opportunity to compare perspectives of 

research and practical fields and to sharpen the focus of the project. An example of how research could 
inform noise policy is the field of combined noise assessment since increasing urbanization, 
increasing numbers of complaints as well as data of noise impact studies support the need for new 

approaches for a combined assessment.  
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